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present volume is intended to meet the wants 
of those Students whose knowledge of Mathe- 
matics is limited to an acquaintance with the 
Elements of Euclid, Algebra, ‘and Plane Trigono- 
metry. In a few cases easy formulae in Dynamics 
are introduced, but the articles containing these 
may, if necessary, be omitted without a breach in 
the continuity of the work. 

Many of the examples have been selected from 
papers set to third and fourth year Students of 
Trinity College, Dublin ; while a considerable num- 
ber have been chosen with a view to assist those 
reading for Degrees in the London and Royal 
Universities. 

The book forms, to some extent, a connecting 
link between the many popular works on Astronomy 
and more advanced treatises on the subject. The 
author, therefore, hopes that it may be found useful, 
not only by those for whom it has been specially 
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written, but also by many others among the general 
public. 

The author is much indebted to Mk. Piers 
Ward, m.a., ll.b., for his kind assistance in read- 
ing the proof-sheets. 

18 , Tbinity Gollkoe, Dublin, 

July 19th, 1894. 
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CHAPTi;^ L . 

o/ - 

PROPERTIES OP THE SPHERE. DERINITIONS. 


1. Definltloii. — A SPHERE is a tsolid bounded by one 
surface, such that all right lines drawn to that surface from 
a certain .point within it are equal. That point is called 
the centre. 

A sphere might also be defined as being generated by 
causing a circle to revolve round one of its diameters. Thus 
if a circular hoop or ring be taken, and if, having fixed two 
diametrically opposite points in its circumference, we make it 
revolve round the diameter joining those points, we see that ^ 
the circumference wilLiiace-out the surface of a sphere, r J ^ 

2. Every pl^e meeting a sphere cuts its surface in a 
^ circle. 

For, let represent a 

From 0, the centre of the 
sphere, let fall 00' perpendi- 
cular to the plane DEF\ take 
any point P in the circum- 
ference DEF, Now, since 00 
is perpqgdicular to the plane 
DEFf it must b^ perpendicular 
to O'P which lies in that plane ; 
therefore (Euclid, i. 47), 

But P is of constant length, being the radius of the sphere, 
and p is constant ; therefore r is of constant length, and 



plaag.jsfiQtion of a sphere. 
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therefore as P changes its position along the curve DEF, its 
distance from 0' is constant. Therefore DPP must be a circle. 

The reader can illustrate this experimentally by taking 
^ an apple as nearly spherical as possible, and, with a knife, 
cutting'insectioii through. On examining the interior of the 
apple thus brought to view, lie will find that the shape of the 
7-; section is circular. 

3. Definition.-— A gr^arck on the surface of a sphere 
is that whose plane passes through the centre of the sphere. 
^ Thus the circle AninB (fig. 2) is a great circle. 

^ A mallxircU is such that its plane does not pass through 

the centre of the sphere. Thus (fig. 1) EEF is a small 
circle. 

^ It is evident that all great circles on a sphere are equal 
^\^^in magnitude, but small circles are not, as they vary from 
being almost great circles till they dwindle down to mere 
points. 

. Definition.— li at the centre of a circle on a sphere a 

^ ^7 perpenilifiular be erected to its plane and produced out both 

^ays, the-^wo points in which it cuts the sphere are called the 
i \ V of that circle. 


/ /o " Thus, if at the centre 0 we \j 

f VI 

J erect PQ perpendicular to the 

plane of the great circle AB^ X / / 

the two points P, Q are the / / / 

poles of the great circle AB, \\ 

Definition.— Great circles | 

which pass through the poles \ y* — — 

^ of another great circle are \ \ \ 

jf called s ^ondarie s to that great \^\ \ 
circle. Thus, if through P 
and Q (fig. 2) great circles 
PmQf PnQ be drawn, these Fi 

circles are secondaries to the great circle AB, 
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il 


Lj 


KB,-- A. great circle and its secondaries cut at right 
angles. Also the arcs-jofnaemdaries Pm and Pn drawn from 
P to AB are equal, and each is equal to a qijadrant - 90°. 

Apparent Diurnal of the Heavens, Celestial Sphere, 

4. To an observer situated in the middle of a level plane 
the appearance which the heavens present to him is that of a 
vast holbw-dome of hemispherical shape, whose base appears 
to rest on the plane on which he stands, meeting it in a circle. 

This circle which bounds his view of the heavens is called the 
senile or apparent horizon^ the plane in which he stands being 
the plane of the sensible horizon. 

If now the time of observation be a cloudless night, there 
will be seen, apparently spangled over the oonca^^ojsurface of 
this hollow dome, a great number of shining or specks 
of light called stars. 

By far the greater number of these bodies always main- 
tain nearly tlie same situation with respect to each other ; 
that is, if the angle which any two subtend at the eye of 
an observer be measured, it is found never to undergo any 
alteration m magnitude, except such changes as are of so 
minute a character as only to be observable after considerable ^ 
intervals of time. These bodies are therefore called fimiMars, ^ 

To even the most careless observer it will at once appear 
that all these fixed stars appear to move across the sky in a 
common direction without altering their positions relative to 
one another. Someiisein the eastern horizon, ascend in the 
sky, and, after describing arcs which seem circular, they sink 
below the western horizon, only to reappear again in the 
y east on the next night at the same point as before, the whole 
^ r§s:£d'ition of each being completed in about 23^ 56“ 4®, 

Many others make smaller circuits in the sky such that 
they never reach the horizon, and can therefore be seen . 
throughout their whole course. The paths of these stars also j/* 
seem circular, the time taken by each to complete a revolution 
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" being about 23^ 56“ 4®, the same as for those which rise 
^ and Moreover, their apparent diurnal paths all seem to 
* ✓ be round one common point as pole. That point is called 
the celesiialfole. Those stars which circle so closely to the 
pole that they do not rise and *set are called circumpolar 

In order to more accurately observe this apparent diurnal 
^ motion of the heavenly bodies, it is necessary to have a tele- 
I scope suitably mounted, called an equatoxial^ such as is to be 
found in every ob servat ory. This telescope, of which a full 
description will be given later on, can be directed to any 
^ part of the heavens, so that any star desired may be brought 
y j v^into the field o£ vkw. Moreover, by means of a clockwork 
arrangement, the fidd of view can be made to move uni- 
' formly round the celestial pole in the same direction as the 
stars appear to move, completing its revolution in 23^ 66“ 4®. 
It is now found that whatever star is chosen, once the 
revolving clockwork apparatus is set going, it is possible to 
keep it in the field of view throughout its whole course above 
the horizon. If the reader bear in mind that every point in 
the field of view of the telescope moves uniformly in a small 
circle round the celestial pole, and that the time of complet- 
ing a revolution is 23^ 56“ 4®, he will at once arrive at the 
following conclusions 

(1) The stars appear to move in small circles round the 






(2) This apparent motion is uniform. 

(3) The time occupied in completing one revolution is 
the same for all, viz. 23^ 56“ 4®. 


5. Celes tial Sp here.— If two observers be situated at 
diametrically opposite points of the earth, say in England 
^ ✓ and sonaewhere about New Zealand, each will see an appa- 
rently oono|yftJbiuigpherioal s^^ of the heavens having a 
y ^ celestial pole. If, therefore, the observer could see the whole 
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heavens at a glance, the appearance would be that of a com- 
plete sphere, on the concave surface of which all the heavenly 
bodies would to be situated, and revolving round two 
diametrically opposite poipts, the north and south celestial 
poles. This apparently spherical surface of the heavens is y* 
oalled the cekhtiahphere. ^ o 

It is usual, from a mathematioid point of view, to regard ** 
the celestial sphere as a sphere of infinitely great radius 
compared with any distance on the earth, so that when we 
say that the earth occupies a position in the centre of this 
, imaginary sphere, we mean that we may regard it as a 
mathematical -point, xe. of no dimensions. 

The Sun, Moony and Planets, 

6. The Sun.— Let us now change the time of observation 
to the day-time, and see if the sun shares in the diurnal 
revolution common to the fixed stars. At first sight we 
might come to the conclusion that his apparent diurnal 
motion is exactly the same ; he rises in the east, describes 
an arc in the sky, sets in the west, and reappears again in 
the east next morning. But there is a difference ; the time 
taken by him to make a complete revolution is not 23** 66® 4®, 
but 24 hours, or about 4 minutes longer than for the fixed / 
stars. This can be verified-roughly by waiting any day*^ 
until one edge of the sun is in a line with a vertical wall, 
or, better still, with two vertical strings hung with weights 
at the ends of them. The interval which elapses until he 
gets into the same position next day is then noted, and is 
found to be about 24 hours ; whereas, as we have seen above, 
the same experiment applied to a fixed star would give 
23^ 56® 4®. 

The apparent position of the sun among the fixed stars 
cannot therefore be the same from day to day, but must be 
alowly shifting from west to easty so that he, as it were, hangs 
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behind the fixed stars in his diurnal revolution from east 
to west, taking a slightly longer time to complete the 
circuit. 

If we could observe the fixed, stars during the day-time 
with our nakfiiLeyes as can be done through an astronomical 
telfigcope, we could actually see the sun’s slow change of 
position from west to east, and also that he returns to the 
same position among the fixed stars at the end of a period of 
time which is called a year. But we can demonstrate it 
without the aid of a telescope, thus 

If we note each evening some group of stars which sets 
in the west some time after sunset, it will be seen, if the 
observations be continued for some weeks, that the interval 
that elapses between sunset and the disappearance of tlie 
stars becomes shorter and shorter until eventually the stars 
set before the sun, and therefore cease to be visible in the 
early part of the night. If, however, we get up before dawn 
and look towards the eastern part of the sky we will see that 
these stars have risen before the sun. 

But if we continue our observations for 365 days, we 
shall find at the end of that time the sun in the same 
position relatively to the fixed stars as before, and the 
group in question will again be visible in the early part of 
the niglit. We thus say that the sun has two apparent 
motions:— 

(1) A daily revolution from east to west in common with 
all the heavenly bodies. 

(2) A slow yearly revolution from west to east among 
the fixed stars. 

^ 7. The g[iiaii.— Besides its apparent diurnal motion, 
the moon also appears to move from west to easj;/ among 
the fixed stars, but much more quickly than the sun, as it 
seems to complete a revolution relative to the sun and earth 
in a period of time which is called a month. 
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8. The Planets. — Besides the flxedr— stars, sun and 
moon, there are five other bodies visible to the naked eye 
whose apparent motions among the fixed stars are, as it 
were, so whimsical, that it is diflSoult to reduce them to any 
^ geiieiaLlaws. On this account they are called flamU or 
wandering stars. Sometimes they appear to move among 
the fixed stars in the same direction as the sun and moon, 
when their motion is said to be direct : sometimes in the ^ 
opposite direction, when their mot ion and 

occasionally for a short time they appear st ation ary among 
the fixed stars. 

A fixed star to the naked eye burns with a twinkling 
light, a planet shines with a steady light. Also when a fixed 
star is examined through even the most powerful telescope 
it does not seem increased in size, the only difference being 
that its brilliancy is intensified. On the other hand, the 
^c of a planet appears enlarged when seen through a 
telescope. 

Four of the planets, Venus, Mars, Jupiter, and Saturn, 
are as bright or brighter than the most brilliant fixed star. 

If the planet appear shining in the south it is Mars, Jupiter, 
or Saturn. Venus is an evening or a morning star; in 
the former case it is seen in the west after sunset, in the latter 
case in tlie east before sunrise. 

> The only other heavenly bodies visible at any time to the 

dbsmex are cQiQets and shf^gti^jg - 

which complete the list of those bodies of^ich the follow- ^ 
ing chapters give a more detailed description. 

^ 9. The Ptolemaic iystem.— The different oeleatial 

■^li^^pheinninena mentioned above— the diurnal revolution of all 
heavenly bodies, the yearly path of the sun, the montlily 
motion of the moon, and the apparently irregular courses 
taken by the planets were acoountclB for by J^lemy, who 
lived in the second century after Christ, on apparently so 
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^ satisfactory a basis that it was not until the sixteenth 
/ century that the truoxplanation was accepted. 

^ ^ The whole celestial sphere was supposed to revolve round 
an axis passing through the north and south celestial poles, 
and called the celestial axis, the earth being in the centre. 
The sun, besides this daily revolution with the celestial 
sphere, was supposed to have a motion of its own in the 
opposite direction on the sphere describing a circle round the 
earth as centre once every year, the moon similarly com- 
j pleting a circuit once every month. The rdixigiade and 
^ Y stationary stages in a planet’s motion they accounted for in 
a rather ingenious way by supposing the planets to describe 
circles round the sun, which in its turn described a circle 
round the earth. 

The Cope rntcan System. — The true explanation, 
however, first given by Copernicus, and now so well known, 
shows that the diurnal revolution of the heavens is only 
apparent, and that it is really the earth which rotates in the 
opposite direction, from west to east, round an axis which, 
if produced out, would pass thi^u^ tliG north and south- 
celestial poles, thus causing the plane of the observer’s 
horizon by its motion to uncover and bring into view new 
stars in the east, when these stars are said to rise, and to 
cover up and ^hnie from view other stars in the west which 
are then said to set. 

^ Copernicus also referred the apparent yearly motion of 
the sun round the earth to a motion of the earth round the 
sun, and showed that the earth and planets form one system 
revolving round the sun, from which they derive their light 
and heat* ^ j 

This explanation was at first received by astronomers 
y with the greatest suspicion, and it was only subsequent 
. ‘^\disooyfiries which placed it beyond any doubt; we should 
^ therefore not take it for granted, but examine carefully the 
suoQgsgive^sti^s which led up to these conclusions. Although 
. yj 
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the diurnal revolution of the earth on its axis was not 
generally believed in until about three centuries ago, it is, 
liowever, not by any means a new idea. Cicero mentions 
that it was the opinion of Hicetas of Syracuse, who lived 
400 years before Christ. Copernicus says that it was this 
statement of Cicero’s which first led him to consider the 
earth’s motion. J 

10. For the purpose of reference, the relative positions 
of the different fixed stars and the apparent path of the sun 
among them are mapped out on the surface of a globe, such 
that the arc joining the positions of any two stars on the 
surface of this miniature globe subtends the same angle at 
its centre as the two stars in question subtend at the eye 
of the observer. Such a celestial globe, the observer being 
supposed at its centre, would then serve as a representation 
of the appearance of the heavens. 

The reader should bear iii mind that such a celestial . 
globe only represents the angular^distanees of the heavenly 
bodies from one another, and not their distances from the 
earth : for the fixed stars are immensely further distant than 
the sun or planets, while being on the surface of a globe 
they are represented as being at the same distance from the 
observer. 

Deli III tions. 

(1) The great circle in which the plane of the horizon . - ' ^ 
cuts the celestial sphere is called the cele atial horiz on, ^ ^ ^ 

N B . — At sea, it is easy to observe the position of a 
heavenly body with respect to the horizon ; but on land, on 
account of the inequalities of the earth’s surface, tlie horizon 
cannot be seen ; but wo can determine it by taking a plane 
perpendicular to the direction in which a plumb line hangs, 
and note the position of the body with reference to that 
plane. The surface of a small portion of liquid at rest, such 
as mercury, is also used by astronomers to determine the 
plane of t he hori zon . 
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(2) If we imagine the direction of a plumb line produced 
J upwards, that point in which it would out the celestial sphere 

is called the ze0i. 

(3) If we imagine the direction of the plumb line pro- 
, ^ * duced downwards so as to cut the celestial sphere in the 

diametrically opposite point, that point is called the 

It is evident that the zenith and nadir are the 
two poles of the celestial horizon. 

(4) C ehdkl MST^dian . —That great circle in the heavens 

^ drawn through the zenith and celestial pole is called the 

^ (5) Great circles drawn perpendicular to the horizon, xx. ^ 

C secondflries-tothe horizon, are called vertkak. ^ J 

That vertical drawn due east and west at right angles to 




'))j 9 ^he meridian is called the pnatiej^rtml 






I (6) The four points in which the meridian and prime\ 
I vertical cut the horizon are called the four cardinal points— 

! the north, south, east, and west points. 

j (7) The cele stial e quator is that great circle in the heavens 
whose plane is at right angles to the direction of thejeles- 
tiaLpole. 

The north and south celestial poles are evidently the 
poles of the equator. 

The small circles described round the celestial pole by 
the stars in their apparent diurnal motion are all parallel to 
the celestial equator. 

i ^ It is evident since any two great circles bisect each other 
Y j/ (having a comnimijiameter) that one-half of the celestial 
equator is above the horizon and half below, so that if any 
y, star or other he^a^fenlyjbdy be situated in the equator it 

vy ^ j will, in its diurnal revolution, remain equal times above and 
below the horizon, rising at the east point, and setting at 
the west point. 


K 
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ASC^s the diujiialjiamllel of a star 5, A being the point wh^ the star 


rises, B where it sets, jind C the point where it crosses 


0 

HmRn 

Z 

'^^^ffZPR 
EmQn 
^ f mZn 


Observe?.*" ^ 
0’'^ 


Horizon, 

Zemth. 

Celestial Pole, v 
Meridian. ' 
Celestial Equator. 
Prune Vertical. 


It 

E 

m 

n 

8 

ZSK 

ISFZ 


the meridian.^ 

North Point * 
South Pomt.,^' I 
East Point. 



West Point. 


0 


A Star.^ / 




Vt^ical through (S ^ 

Hou r angle o f S ^ 


(8) Definition.— The ecliptic is the apparent path of the 
sun among the fixed stars in the course of a year. 

When this apparent annual path of the sun is traced out 
on the celestial sphere it is found that it can be represented 
' by a great circle. Its name arises from the fact that if the 
^ r C moon in her monthly_reiolution happen to cross the plane 
of the ecliptic when it is iuU or newjnaon, there will be an 
the former case of the moon, and in the latter of 

Obhqmtif of Ecliptic to Equator, Equinoxes, 




< f ^ 

i yJ , 


U 


n 


11. The angle at which the planes of the ecliptic and 
equator out is about 23'’ 28' which is called the obliquity of 
the ecliptic to the equator. These two great circles must 
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intersect in two point^herefore on two days each year the 
1 ^ ) sun is in the act of^orossing the e^^iator, and on those days 
his diurnal path almost coincides with the equator, rising due 
east and setting due west (fig. 3); one-half of his diuiaal|>ath; ' 
is therefore above horizon and half below, and day and night 
are oE equal duration all over the world. From this latter 
circumstance these two periods are called the Equinoxes^ the 
two points of intersection of the ecliptic with the equator 
( \ being called tlie equh mtial poi nts. One of these points is called 

^ j>^j^the of Aries (j^^^he other Hlq first point of Lihr^i^ 

(^), because when these points were fir^^ named by^the 
ancient astronomers they were in the coWt^tions of Aries 
and libra respectively. The sun is at the first point of Aries 
on the 2l8t March when crossing from the south to the north 
side of the equator ; this date is called the vernflLorjSpxing 
^ ^,5 1 equinox , and is at Libra on the 23rd September, in his passage 
1 from the north to the south side of the equator, this date 
» being the autumnalEquinox. 

The Signs of the^^diacj, 

12. Ancient astronomers found by observation that the 
moon and planets were never at any time at a very great 
^ ) angulardistance from the ecliptic; they therefore conceived an 
' ^ imaginary belt in the heavens extending for about 8° on either 
side of the ecliptic. Inside this space the moon and planets, 
and of course the sun were always to be found. They called 
this belt the zodiac from their imagining certain forms of 
animals situated within it, which they named the signs of the 
zodiac. There are twelve signs of the zodiac: these together 
with the symbols which represent them are as follows.:— ^ 














Anes. 

I^ra. S^io. 

A rtl 


Taunis. 




Gemini. 

n ^ 

y? 

Sagittarius. 


Cancer. 

Capnctmus. 

vy 


Virgo. • 


Leo. 

Si 

P 

Aq1iariu«. PiscM. 
xcr X 


n 





CHAP. 1.] 


Dlil'lMTlUNti. 


la 

mi r- 

Altitude^ Azimuth, 

13. The attitude of a heavenly body is its distance from 
the horizon measured on tlje arc perpendicular to the horizon 
drawn through the body (?. e, on the vertical drawn through 
the body). 

< The azimuth of a body is the arc intercepted on the 
horizon between the foot of the vertical drawn through 
' the body and the meridian. 

Thus (fig. 3) SK = altitude, and EK = azimuth of the 
star S. 

Of course it is immaterial whether we call RK or EK 
the azimuth of the star S, provided we mention whether 
we are measuring it from the north or south point. In 
* northern latitudes the azimuth is generally measured east 
y and west from the south point, and in southern latitudes 
from the north point. Thus if the arc EK = 30°, the azimuth 
of S = 30° E. 

^ The arc SZ is called the zenith distance of the body, and is 
evidently the conaplement of the altitude. 

The position of a body on the celestial sphere with respect ^ 
to the observer’s horizon and meridian can be described by 
knowing its altitude and azimuth, but as the horizon of the 
observer is, owing to the earth^s rotation, changing every 
instant, and, moreover, both the horizon and meridian are 
different for different places on the earth, therefore the 
altitude and azimuth of a heavenly body only describe its * 
position at some particular instant and observed from a 
certain definite place on the earthy . ^ 

Jr r' 

Declination and Right Ascension, 

14, Instead of describing the position of a body with 
reference to the horizon we may refer it to the equator. The 
measurements by which its position is then indicated are 
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independent of the position of the observer on the earth, and 
do not change appreciably each instant, but, as we shall 
subsequently see, only after comparatively long periods of 
^ time. 

The decimation of a heavenly body is its distance from the 
^ equator measured on an arc perpendicular to the equator 
drawn through the body. 

The ngMjmension is the arc of the equator intercepted 
between the first point of Aries and the perpendicular to 
the equator drawn through the body. 

The right ascension is reckoned from T eastward from 
0® to 360^ 

Thus (fig. 4) let EQ re- 
present the equator, AB the ^ 
ecliptic; draw a common 
secondary AQBP to both 
passing through P the pole 
of the equator (celestial ® 
pole) and P' the pole of 
the ecliptic. Then if S be 
the position of a heavenly 
body we have : 

Fig 4. 

Sm * declination of body measured along PM, ^ 

T/w = right asdision of body measured along the equator. 

1)5) The arc SP is called the pol ar dis tance of the body and 
is evidently the complement of the declination. 

Celestial Latitude and Longitude, 

The position of a body may be indicated also with 
reference to the ecliptic. 

The latitude of a heavenly body is its distance from the- 
ecliptic measured on a perpendicular arc to the ecliptic. 

The longitude is the arc of the ecliptic intercepted between 




DEFINITIONS. 


le^ 


CHAP. I.] 

the first point of Aries and a perpendicular arc to the ecliptic 
drawn through the body. 

Thus (fig. 4) 8n = latitude of 8 and = longitude. 

The terms celestial latitude and longitude are applied to 
these measurements to dJfetinguish them from t errestr ial 
*) 'latitude and longitude with which they are not in any 
way connected. 

The longitudes of heavenly bodies are, like their right 
ascensions, measured from T eastward from 0° to 360®. 

Both the declinations and latitudes of heavenly bodies 
vary from 0® to 90® on either side of the equator and ecliptic 
respectively. They are counted north or south according to 
whichever celestial pole happens to be on the same side of the 
great circle from which they are measured. 

Decimation Circles. Hour Angle. 

Secondaries to the equator are called declination circles 
because it is on these circles that the declinations of heavenly 
bodies are measured. 

The angle which the declination circle through a star 
makes with the meridian is called the hour angle of the star, 
because when this angle is known we are able to calculate the 
time that must elapse before the star crosses the meridian or 
the time which has elapsed since it last crossed it, from the 
fact that the star completes a revolution of 360® round the 
celestial pole in 23^ 56*“ 4®. 

Thus (fig. 3) the angle 8PZ « hour angle of star 8. 

Declination circles are on this account also called hour 
circles. 

Changes in the 8un^s Declination during the year as he describes 
the Ecliptic. 

16. At the spring equinox the declination of the sun is 
zero, he being at t (fig- 4), Bach day, however, on account 
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of his slow annual motion his declination increases until^ 
some time about 21st June, he reaches his greatest declina- 
tion, viz. the arc BQ (fig. 4). But BQ is the arc intercepted 
by the ecliptic and equator on their common secondary, and 
must therefore measure the angW between those great circles, 
which is 23® 28'. 

Therefore the arc BQ = greatest declination of sun at mid- 
^ summer = 23° 28^ north. This period is called the summer 
stare)^ because the sun before descending to 
^ seems for some time to stand still. 

After m idsum mer the sun^s declination gradually de- 
' creases until at =£= (about 23rd September) it is again zero. 
Between 23rd September and the 2l8t of the following 
March the declination of the sun is south, reaching at 
J mid^winter (21st December) a value AE which = 23® 28' 
^ ^ south. This period is called the winter jiolstice; therefore 
L " we have : — i j ' T ^ / 

The sun’s declination at the vernal equinox = 0 

„ „ sum^^soistice =23®28'N. 

„ „ autumnal equinox = 0 

„ „ winter solstice = 23° 28' S, 


During this period which is called a year the sun’s right 
ascension and longitude increase from 0° at vernal equinox 
to 360° immediately before the following vernal equinox, 
each being 90° on 21st June, 180° on 23rd September, and 
270° on 21st December. 

It is hardly necessary to mention that the sun being 
in the ecliptic has his latitude always zero. 


When we speak of the sun’s declination, &o., we 

mean that of the centre of the sun's disc, n r, 

\k — y/. 

r 

Tropics of Cancer and Capricorn. 


If on the celestial sphere we draw two small circles 
parallel to the equator, and distant from it 23° 28' north 
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and south, these small circles will nearly coincide with 
the sun^s apparent diurnal path on 21st June and 21st 
December. They are called the tropica because the sun 
seems to he on the point of turning at these periods. The 
northern circle is the Tropic^ of Cancer^ the southern the 
Tropxojxf Capricorn, 

The Equinoctial Colure is the secondary to the equator 
passing througli the equinoctial points. 

The Solstitial Colure is the secondary to the equator 
passing through the solstices, and hence is also a secondary 
to the ecliptic. 


The altitude of a Star is greatest when on the Meridian. 

Let S represent the star in the meridian, and >S' its position 



Fig o 


sides of a spherical triangle are together greater than the 
third, therefore we have 

ZS' + ZP>PS^\ 

but P/S' = P/S, since a star always maintains the same dis- 
tance from the pole ; 

ZS'^ ZP>PS 

Take away the common part ZP, therefore we get Z8^ 

c 
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greater than ZSy that is^ the zenith distanoe is least when on 
the meridian, and henoe the meridian altitude is greatest. 

In the same way it can be shown that the deprogsiQU of a 
body below the horizon is greates^t when on the meridian. 

Exercises. 

I What are the altitude and houi angle of the zenith ? Ans 90® 0 

2. What are the declination and latitude of the celestial pole? 

Ans 90 66® 32' (90 -23® 280 

3. How far is the pole of the ecliptic fiom the celestial pole, or, in other 

words, what is the magnitude of the aic PP in fig 4 ^ Ans 23° 28' 

4. What are the declination, right ascension, latitude, and longitude of ^ ? 

Ans 0 180® 0 180° 

5. What point in the heavens has its declination, right ascension, latitude, 

nd longitude each equal to zeio? Ans Fiistpomt^f Aiies ( T) 

6. If a certain star cross the meredian at 11 o’clock p m. to-night, at what 

o’clock will it cross the meridian--(I) to-morrow night, (2) 16 days hence, 
assuming the sun’s change of right ascension thioughout the year to be uniform ^ 
See Arts. (5) and (6) ) Ans, (1) About 10 66 v m 

(2) About 10 p M 

7. At what hour will the same star cross the meridion a year hence ? 

Ans, 11 p M again 

8. A star is in the meridian 10® above the pole at midnight to-night, 
where will it be at midnight— (1) six months hence , (2) a year henc^ 8uf>- 
posing the sun’s apparent motion m the ecliptic to be iioiiQrm F 

9 What IS the sun’s right ascension on 21st March, 2l8t June, 23rd Sep- 

ember, 2l8t December. Ans, 0 ; 90® : 180® • 270®. 

10 Calculate what would be the declination and right ascension of the sun 
^ on 2l8t April if the changes in these qiu^ties were uniform throughout th 

year 7®49' 20"N. 30° i 

II Making the same assumption as in the last-question— (1) Find at wh(^ 

ime the sun’s right ascension should be 120® , (2) at what time should his 
eclination be 15® 38' 40" N. Ans, (1) 2l8t July 

(2) 2l8t May or 2l8t July. 

^ The reader can, by reference to a celestial globe or the Nfuitieal 

• Almanac, see that the results obtained in Examples (10) and (11) are not the 
correct values of the right ascension and declination of the sun on the dates 
mentioned, which shoi^ s that the changes in these quantities throughout the 
year are not at all uniform. 

12. What 18 the time of sunrise and sunset at any place during the equi- 
noxes? Ans About 6 a.m. and 6 f .M. 

13. What is the hour angle of the sun at sunri se on 2 Ist March F Am. 90®. 
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16 . That the eartli*s shape is approximately spherical 
has been known from the earliest times. It will not here 
be necessary to do more than mention the different reasons 
which lead us to this conclusion. They are 

^ (1) Tlie hull of a ship disappears first, which shows that 
the ship is sailing on a convex surface. 


1 

/ 


(2) The outline of the earth’s shadow, as seen on the 
surface of the moon during an eclipse, always seems an arc 
^ of a circle, and no body but a sphere can project a circular 
/^shfldow in all positions. 


(3) The most conclufiimjiroof, however, depends on the J.. V ^ 
fact, which is found by observation, that equal distances gone 
over by the observer duo north or soutli produce almostJ^ ' ^ , 
equal variations in the meridian altitude of any chosen star 'u/^i 
(or of the celestial pole). This could not happen except on ' 
the supposition that the earth is nearly spherical. 


Celedial Pole Constant in Direction, 

17. The celestial pole being supposed to be situated atao 
indefinitely great distance away comp ared with any distance 
on the earth, therefore, as the observer changes his position 
on the earth’s surface, the lines drawn from those posi- 
tions in the direction of the celestial pole are practically 
parallel 


02 



20 


THE EARTH. 


[chap. 11. 


^ ^ t i/y I >“1 

Earth' » Axis. Terrestrial Equator. Terrestrial Latitude and 
Longitude. 

C 

That diameter of the earth which is parallel to the 
constant direction of the celestial pole is called the earth's 
axis. 

The earth’s axis outs the surface of the earth in two 
points called the north and south poles of the earth. 

That great circle drawn round the earth whose plane is 
perpendicular to the earth’s axis is called the terrestrial 
equator. 

. . Great circles drawn through the poles of the earth are 
\\J>'%alled termiml^Mridians, 

^ / Therefore, every place on the earth’s surface may be 

f supposed to have its meridian. ^ ^ 

The meridian of Greenwich is called the ^ ‘ ^ 

The latitude of a place is its distance north or south 
of the equator measured on the meridian through the 
place. 

The longitude of a place is its distance east or west of the 
first meridian, and is measured by the number of degrees in 
the arc intercepted on the equator between the meridian of 
the place and the first meridian. 

All places situated on the same parallel to the equator 
have evidently the same latitude and situated on the same 
meridian have the same longitude. Latitude is measured 
north and south from 0° to 90®, and longitude east and west 
from 0° to 180°. 

'\n^ Corregmding to the Tropics of Cancer and Capricorn 
! on the celestial sphere, ve imagine two small circles on the 
earth parallel to the equator, one north the other south, and 
distant from it about 23® 28' : these small circles are also 
called the Tropics of Cancer and Capricorn. The two small 
circles drawn round the north and south poles of the earth at 
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a distance of 23° 28' are called the' nrcfe and aul amikekclex 


e 




The portion of the earth’s surface 'enfllMed between the ' 
two tropics is called the <amsLj»»e, between the tropics . „ ^ ' 
and the arctic and antarctic circles the tem perate sam , and 
between the arctic and antarctic circles and the poles the 
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DIRECTION OF POLS. 


18. The altitude of the celestial pole at any place is equal to 
the latitude of the place. 

For let 0 be the position of the observer ; EOQ the meri- 
dian of the place, cutting ,(he equator in E and Q. If OP 
represent the direction of the 
celestial pole as seen from 0> 
then the line OP drawn from 
0, the centre of the earth, in 
the direction of the celestial 
pole, will be parallel to OP 
(the pole being so far dis- 
tant). The horizon of the 
observer will be represented^ 
by a tangent plane OE drawn 
to the earth at 0. 

Then we have to prove 
that the anglTl? which is the 
altitude of the pole the arc 
'EO or the angle ip, whioh^ 
the latitude of the place. Since OP is parallel to' CP, the 
angle a - the angle (3 : but 0 is the co mplem ent of a, and ^ is 
the complement of jS ; therefore 0 » ^, or altitude of pole 
= latitude of place. From this it follows that the change in 
the altitude of the pole must equal the change in the lati- 
tude of the observer as he proceeds north or south. 



Pig. 6. 



o 
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Length oj a degree of Latitude. Magnitude of Earth. 
Shape of Earth. 




((/l 




19. The measurement of the length of a degree of lati- 
tude on the earth is an operation of much practical difficulty. 
A position is chosen on the earth, and the altitude of the- 
pole observed. Another station is chosen due north or south 
of the former position at such a distance from it that the 
altitude of tlie pole is increased or dimitiished by 1®, as the 
case may be. The length of the arc of tlie meridian between 
the two stations is then measured, and is found to have a 
raeiaiLjralue of about 69-^ miles, which must be the length of 
a degree. The length of a degree has thus been calculated 
at about twenty different places on the earth, and the results 
have not been found to differ to any very great extent, 
which is confijjaatory evidence of the earth’s approximate 
spherical shape. 

It has, however, been foun(J that the length of a degree 
near the poles is somewhat greater than near the equator, 
which shows that the c urvat ure of the earth is not so great 
at the poles as at the equator, or, in other words, that the 
earth is slightly flattened at the poles. In fact the figure of 
the earth is what is called an obla ^sphe roid, differing but 
little from a sphere. The lengths of a degree of latitude 
at different parts of the earth have been found to be as 
fol ows 


At the equator, . 
At latitude 20°, . 

40®, . 
60°, . 
80®, , 


)> 

» >» 


68704 miles. 
68786 „ 

68- 993 „ 

69- 230 „ 

69-386 „ 


The length of a degree being about miles, an 
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/y appr oximate v alue for the circumference and diameter of 
the earth can thus be found.* 

1° ~ 69^*^ miles ; 

360"^ = somewhat under 25,000 miles - circum- 
ference of earth. 

26000 


Diameter of earth 


= somewhat under 8000 miles. 




3-14159 

The polar-diameter of the earth is found to be about 26 miles 
shorter than the eq uatoria l. 

Appearances of the Celestial Sphere due to Observer's Change 
of Place on Earth. 

20. If the observer, starting from any place north of the 
equator, move due north along the meridian of the place, 
the celestial pole will appear to rise in the sky as his latitude 
increases (Ar^lJ). If he reach the north pole the celestial 
pole will appear right overhead in the zenith ; the celestial 
equator will therefore coincide with his horizon (see fig. 7), 
f c dThe apparent diurnal paths of the stars will appear as small 
[circles parallel to the horizoifl 
therefore, all the stars visible 
'^v’will be cir ciynpola r. Those 
stars, on the other hand, whose 
positions in the heavens are 
’ ; south of the oelestial ^equa tor 
' will never rise into view. 

Therefore, an observer at the 
north pole will never see more 
than half the heavens, no part 
of which, however, ever sinks 
below his horizon. Such sf* Fio. 7 . — Tarallel Sphere^ observer 
I celestial sphere is called a being at exthe^^ poU of Barth. 
paraMeljplm^e- The sun for half the year (2l8t March to 


Z & P 





^ The above method was that employed by Eiatosthones (230 b.c.) in de- 
termining the magnitude of the earth, except that he measured the meridian 
altitude of the sun instead of the altitude of the pole. 
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23rd September) being north of the equator, will during this 
period appear above the observer’s horizon. For these six 
months he will appear to make a circuit every 24 hours in the 
heavens, which would be parallel to the horizon but for his 
continual change of declination*. His greatest altitude is 
reached on the 2l6t June, and is then 23° 28'. For the 
remaining six months the sun keeps below the horizon, 
reaching a distance below it of 23° 28' on 21st December. 
Therefore, at the north pole the day and night are each six 
^ months long. However, of the six months’ night at the 
" » north pole a considerable portion is t wiligh t. 

J 

Observer at Equator. 


Let the observer now proceed southwards, and he will 
find that the celestial pole gradually falls in the sky until at 
the equator it will appear on the horizon coi^ding with the 
north point, the south celestial pole coinciding with the south 
' point. The celestial equator will therefore pass through the 
miith and nadir, and, cutting the horizon at right angles^ 
^ ‘ will coincide with the prime vertical (fig. 8). 


The apparent diurnal 
paths of the stars being 
parallel to the celestial 
equator will be bisected at 
right angles by the horizon ; 
the stars will therefore be 
an equal time above and 
below the horizon. There 
are therefore no stars cir- 
cumpolar, but every star in 
the heavens appears for 
nearly twelve hours above 
the horizon. 

It is evident, also, that ( 
out the year at the equator. 



N 


8. — Splme, observer bexng a( 
Equator . 4) 

ay and night are equal through* 
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Since the horizon bisects the diurnal paths of the stars at A ^ 
right angles, this sphere is called a right s]ghere» 

Similarly, in the southern hemisphere the south celestial 
pole will increase its altitude as the south latitude increases 


Observer at about Latitude of Dublin, 


As the latitude of Dublin is about 53® 20'N., the celestial 
pole will have an altitude Pi? = 53® 20' (fig. 3). The 
apparent diurnal paths of the stars out the horizon obliquely. 
Some stars are circumpolar, and some rise and set, while other 
stars whose declinations are south become visible for a small 
portion of their daily circuit. The sun’s apparent diurnal 
patli during the summer months may be represented by the 
circle ACB north of the equator, of which there is more than 
half above the horizon ; therefore during the summer we have 
a long period of daylight and a short night. Also in the winter, 
when the sun’s declination is south, we have a short period oj 
daylight and a long rnglit. 

The sphere in this position is called an Qbliqiiaj ipieie, 


4 ^ 




/ 


Diurnal Mqtqtm of the Earth, 


21. That the apparent diurnal motion of the heavens 
from east to west is really due to the earth rotating round 
an axis from west to east appears from the following con- 
siderations , 

(1) From s implicit y. 

(2) From analogy. 

(3) From oentrifugjil force. 

(4) The experiment of letting a body fall from the top of 

a high tower. ^ 

^ (6) F oucau lt’s pendulum experiment. 

Under the first three of these headings are comprised the 
arguments which show that it is extremely probable that the 
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earth does rotate ; but (4) and (5) are experiniental^roo/s of 
its rotation. 

From Simplicity. — At the time of Copernicus, the only 
argument in favour of the earth’s rotation was, that this was 
a much simpler, and therefore a much more probable, expla- 
nation than that all the stars and other heavenly bodies 
should be connected in such a complicated manner as to 
perform each its revolution round the celestial pole in the 
same time. 

From Analogy. — However, the subsequent invention of 
telescopes (1609) supplied an additijmal argument. By the 
aid of the telescope we can see that many of the planets, as 
well as the sun and moon, are spherical-bodies rotating about 
axes, from which we conclude that it is probable the earth 
also rotates. 

From Ceiilrlfiigal Force. — If the sun and planets^ 
not to speak of the fixed stars, really described circles of 
sucli large radius in such a sliort period as one day, it 
would need an enormous attracting force acting towards 
the cUtttres of those circles to keep them from flying off 
in a tangent. 

For we know from meghanics that if m be the mass of a 
body moving in a circle of radius r with a periodic time «=» 2\ 
the necessary force acting towardi^tho centre to keep it in its 
circular path would be given by the formula : — 


But here r would be very large and T very small, there- 
fore F would be enormously great. But there are no bodies 
we know whose attractions could be as great as this ; tlierefore 
the idea of the diurnal motion of the sun and planets, as well 
as the stars, is very improbable. 
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Experimental Proof from Falling Bodies, 

22. Newton first suggested that if the earth rotate from 
west to east, a body, on being let fall from a considerable 
height above tlie earth’s surface, should fall to the east of the 
^ vertical line. 

For, let P be the place from which the body is let drop, 
suppose the top of a tower (fig. 9) ; PAC the vertical 
tlirough P passing through (7, the centre of the earth. Then, 
if PQ represent the arc de- 
scribed by the top of the tower 
while the body is falling, AB 
will represent the arc described 
^ by the base of the tower which, 
being less than PQ, shows that 
the base moves with a less velo- 
city than the top. But while 
the body is falling in the air 
it preserves the same velocity 
towards the east which it had at 
starting in common with the 
top of the tower, which, being 
slightly greater than that of 
the base of the tower, will cfuse the body to deviate slightly 
to the east. Thus, if we cut off AB' = PQ, B will represent 
the position of the base of the tower, and P of the body, 
when it reaches the ground. 

If now we let a body fall from a high tower, and we 
find by actual measurement that during its fall it has de- 
viated to the east of the vertical, the only cause we can 
give for this deviation is that the earth rotates from west 
to east. 

It is, however, very difficult to perform the experiment 
so as to give a decided result, the height of the tower 
being so small compared with the radius of the earth that 




28 


THE EARIH. 


[chap. IL 

V the deviation would be very slight. It has been tried at ^ 
Boulogne and Hamburg, and the deviation was found to 
be one-third of an inch in a fall of 250 feet. 

Pendulum Experiments. 

23. The experimental proof of the earth’s rotation 
which is most striking is that first performed by Foucault 
in Paris in 1851, and very many times since by different 
observers. 

Before entering upon the details of the experiment, we 
will first suppose that the earth does rotate from west to east, 
and see what effect this rotation would have on a pendulum 
swinging at the north pole. We know, from mechanics, that 
if a pendulum vibrate under the action of gravity alone, the 
plane of ogcillation will remain in space, for there is no 
' force to make it deviate froth that plane. 

Therefore, if it were possible 
to have a pendulum vibrating 
at the^north pole, the observer 
and the plane in which he stands 
would be carried by the rota- 
tion of the earth round the 
fixed plane of the pendulum 
tb’ough 360^^ in 23^ 56“ 4®. The 
observer, however, would be 
altogether unconscious of his 
own motion and that of the 

plane in which he stands, and „ 

f . Fig. 10. 

it would appear to him as^if 

the plane of the pendulum turned round in the opposite 
direction, making a complete circuit in 23^ 56“ 4® (fig. lOj. 

On the contrary, if a pendulum be set in motion at the 
equator, the plane of vibration, together with the observer 
and the surrounding surface of the earth will be carried 
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bodily round in one common motion ; therefore there will 
be no disturbance in the re- 
lative positions of the plane 
of the pendulum and the 
landmarks about it (fig. 11). 

At a place intermediate be- 
tween the equator and pole, 
the parts of the earth in the 
immediate neighbourhood of 
the pendulum which are near- 
est the equator will have a 
greater velocity towards the 

east than the parts nearest jjhe pole ; therefore the plane 
in which the observer stands will really revolve beneath the 
pendulum, or, in other words, the plane of vibration of the 
pendulum will seem to revolve in the opposite direction witk 
respect to the observer and surrounding landmarks. The 
time of the apparent revolution of the pendulum will get 
greater the nearer we approach the equator, until on the- 
equator itself, as we have seen above, the plane of vibration 
does not seem to change all. 

It is easy to prove, 

supposing that the earth 

does rotate, that at a place 

whose north or south lati- / / a\/^\ 

/ \ 

tude is 2^ the time of^/ \ 

apparent revolution of ^ | q 

the pendulum would be T \ I 

cosec X, where T = time of \ / 

revolution of the earth on N. / 

its axis. 

For, let Omhe thedirei^ 
tion of the observer, P the 

north or south pole of the earth, EQ the equator, and 
X = latitude of observer. 


Pio 12. 
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Now, the earth revolves round OP through 360° in T 


units of time ; tlierefore it revolves through 


360° . , . 

in 1 unit 


of time. This angular velocity of — ^ per unit of time 

can be resolved into two components in direction at right 
angles to one another ; for we know, from dynamics, that 
rotations round axes can be resolved in exactly the same 
way as forces. Therefore, if we cut off ol to represent an 
360 

angular velocity of round OP, we find that this rotation 


is equivalent to a rotation represented by Om round the 
radius drawn to observer, and a rotation of On round a line 
at right angles to that radius ; but 


Om = Ol cos (90 ~ A} = 0/ sin A ; 

therefore to an observer at A the plane of a vibrating. pen- 

360° 

^dulum will appear to revolve through siii A in 1 unit of 

time, and the time of making a complete revolution would 
therefore be 


360 


360 . , 


-r— r - Pcoseo A = (23^ 56® 4*) oosec A. 
sin A ' 


FoncauWn Experiment, 


24. Foucault took a heavy iron ball and let it hang from 
the roof of the Pantheon by means of a wire about 200 feet 
long. A circular ridge_of sand was placed in such a position 
that at every swing of the pendulum a pin attached to the 
lower part of the ball just scraped a mark in the sand. The 
ball was then drawn aside by means of a cord, and when at 
rest the cord was burnt off so that the pendulum should 
swing in as true a plane as possible. 

It was then observed that the marks made in the sand at 
each swing did not coincide, but that the plane of the pen- 
dulum seemed to be slowly turning round with a watch-hand 
rotation. What actually happened, however, was that the 
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whole Pantheon, together with the observer and the circular 
ridge of sand, slowly rotated in the opposite direction. 

The wire was taken of this great length (200 feet) in 
order that the pendulum might move very slowly, thus 
meeting with very small resistance from the air, which 
enables it to keep up its motion for a long time. The 
reason a long wire ensures a long time of vibration is that 
the time of vibration is proportional to the s quare r oot of the 
length of the pendulum 



therefore the longer the pendulum is made the greater is the 
time of one vibration. 

If it were possible to keep the pendulum vibrating long 
enough at Paris to enable its plane to appear to make a 
complete revolution the time taken would be about 32 hours. 

We can account for this phenomenon on no other sup- 
position than that the earth revolves round an axis, and as 
the plaue of the pendulum does not seem to change at the 
equator we know that the axis of revolution of the earth 
must be perpendicular to the equator. 

There are various other phenomena which can be ex- 
< plained on the hypothesis of the rotation of the earth, such 
» ^ as trade-winds and certain constant currents in the ocean ; 
also the revolution of cyclon^ which in the southern hemi- 
sphere move with a watch-hand rotation, and in the northern 
hemisphere in the opposite direction. 


Examples. 

1. Find the lowest latitude at which it is possible to have a midnight sun. 

Am, 66° 32' north'or south. 

2. What circles on the earth correspond to the latitudes 66*^ 32' north or 

south? * Am. The arctic or antarctic circles. 

3. What is the highest latitude north or south at which it is possible to see 

the sun in the zenith at noon ? Am, 23° 28'. 
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4. What is the latitude of a place at which the celejtial equator and horizon 
coincide ? Ans* 90°, at the poles* 

6. What is the latitude of a place at which the ecliptic coincides with the- 
horizon ? Ans, 66° 32'. 

6. Why is the sun never seen in the fenith at Dublin ? 

7. If a pendulum be made to_vibrate at a place whoso latitude is 30°, in uj 

what period of time will the plane of vibration appear to make a complete revo- 
lution ? ' 

Here T = (23‘‘ 66"») cosec 30° 

==(23h 56«)2 
= 47*» 52™. 


8. At what part of the earth would a body have no deviation towards tho 

east when let drop from a height? Ans At the poles. 

9. If a person travellmg eastward go round the world, he will at the end of 
'ks journey appear to have gained a day. On the other hand, if he travel west- 
ward, he will appear to lose a day. Explain this. 

10. How far should a man tmvel northwards from the equator in order that 
the altitude of the pole might become 10° ? Assume the radius of the earth to 
be 4000 miles (J. S., T. C. D.), 


Here 


1 °« 


2 X 3-14159 X 4000 ^ 

360 

2 X 3-14159 X 4000 x 10 


10 ^ 


360 


698*13 miles. 
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Astronomical Clock, 

25. We liave seen in Chapter I. that the apparent uniform 
revolution of the stars round the celestial pole is completed 
in about 4 minutes less time than the apparent diurnal 
revolution of the sun. This latter interval of time (more 
accurately its mean value throughout the year) is what is 
taken as the ordinary day, and is called a mean solar day» It 
is divided into 24 mean solar hours. 

On the other hand, the interval of time taken by the 
fixed stars to complete a revolution round the pole is called 
a sidereal day. The sidereal day is divided into 24 sidereal 
hours, which are reckoned from 1 to 24, therefore we have — 

24 sidereal hours « 23^ 56”“ mean solar time. 

The astronomical clock is regulated so as to mark sidgreal 
time, and as the sidereal day commences when the first point 
of Aries is on the meridian, the clock should then be set to 
mark 0^ 0“ 0®. It will then indicate the sidereal hours up 
to 24 when the next transit occurs. " » , 

neflnltlon. — The sidereal time at any instant is the 
interval that has elapsed since the preceding transit of the 
first point of Aries expressed in sidereal hours, minutes, &c. 

As the right ascensions of heavenly bodies are measured 
eastwards along the equator from the first point of Aries, it 
follows that those stars which have a small right ascension will 
cross the meridian before those stars whose right ascensions 
are greater. In fact, 360® of right ascension correspond to 
24 sidereal hours or 15® to 1 sidereal hour. Right ascensions 

D 
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may therefore be expressed in degrees or in time, the 
former being reduced to the latter by dividing by 15. Hence 
we might define the right ascension of a body as the sidereal 
time of its passage across the meridian. 

The hour angle of the first point of Aries (Art. 14) at 
any instant reduced to time (by dividing by 15) is evidently 
the sidereal time at that instant. 




The Tramiijnstrument 


26. The object of this instrument is to determine the 
exact instant at which a body crosses the meridian. It 
consists of a telescope rigidly fixed to a horizontal axis. At 
the extremities of this horizontal axis are two cylindrical 
pivo ts, of the same diameter, which move in sockets fixed on 
j two piers of solid masonry. In orde^ to diminish the pres- 
sure of the pivots on the sockets, 
and consequently the wear caused 
by friction, a great part of the 
weight of the telescope is balanced 
by two weights which are hung at 
tlie extremities of a pair of levers, 
the other extremities being attached 
to the cylindrical pivots (see fig. 13), 

In the plane of the principal 
focus of the object-glass is placed 
a framework of five, or seven, 
or a greater number of vertical 
wires or spider lines (see fig. 14) 
placed at equal intervals apart, 
are intersected at right 



Fig. 18 . 


angles by two horizontal lines, to which the path of the image 
of a star or other body across the fi eld of view will be almost 
parallel and in a position midway between them.* 


* In some portions of this Chapter, to avdtd complexity, mention is only 
made of one honzontal line supposed to he situated midway between the two 
mentioned above. 
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Since the prinoipal focus of the ohject- g kss is in the 
same plane as that in which the lines are stretched^ the image 
of a star under observation and the spider lines oan be seen 
at the same time, and for pi^rposes^f adjustment the frame- 
work of lines admits of various move- 
ments by means of screws. When 
the instrument is used at night it is 
necessary to illuminate the spider 
lines. This is done by means of a 
! lamp placed opposite one of the 
^ oylindrical jiy^ the light from 
which by means of mirrors is re- 
flected down the tube on to the lines. 

It IS the object of the observer thkt the telescope be so 
adjusted that the middle vertical spider line may coincide as 
nearly as possible with the meridian. The time at which the 
star crosses the meridian oan therefore be estimated by ob- 
serving the instant, as indicated by the ast|[opainioaL^ck, 
at which it crosses this line. But as there is always a small 
error in noting the time of transit over one line, the seven 
are used in order that the observer may note the time at 
which the image crosses each of them, when the mean of these 
being taken will, in all probability, give a more accurate result 
than one observation could afford, as the observer may in some 
oases be too precipitate, in others too tardy, the positive and 
negative errors thus to some extent neutralizing one another. 

Une of ColUmatlon.— When the image of an object 
is formed at* the ' prinoipal focus of the object-glass of a 
telescope, then the direction in which it is viewed is the same 
as its true direction as seen by the naked eye ; this line along 
which the object is viewed is^ called the line of collimation^ or 
line of sight. For practical purposes the line of collimation 
of a telescope may be deflned as the line joining the optical 
egntre of the object-glass with that point of the central 
vertical spider line midway between the two horizontal lines. 
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Collimationy Levely and Deviation ErrorSy with the corresponding 
Adjustments* 

27. Every transit instrument, to be perfectly adjusted, 
must satisfy the three following^conditions : — 

(1) The line of collimation should be perpendicular to 
the axis of rotation of the telescope. 

(2) The axis of rotation should be horizontal. 

(3) This horizontal axis should point due east and westy 
that is, the line of collimation should be due north and south. 

^ . Corresponding to the above conditions we haye there- 

i . {qj,q jjj every instrument three errors — (1) collimation error ; 
(2) level error ; (3) deviation error ; and to correct these we 
have three corresponding adjustments. 

Collimation Erro) 

The error of collimation may be defined as the amount 
by which the angle between the line of collimation and the 
axis of revolution of the telescope falls short of a right angle. 

Let XY (see fig. 15) 
represent the axis of revo- P 

lution of the telescope, and 
AB the line of collimation 
supposed not at right 
angles to XY. 

Let the telescope be 
pointed at an object or 
mark on the earth placed ^ 
at some distance away, 
and let P be a point of 
the object which coincides 
with the middle vertical 
spider line. The telescope 

w then reversed in its bearings, the riglit hand pivot beiiig 

' ♦ Beiidea the above method of correcting the collimation error tm other methodsy 

which are mre frequently used in obeervatoriesy aie given in Arte. 36 , 36 a . 
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placed in the left socket, and vice vend. If the point P still 
coincide with the central spider line, there is no collimation 
error. If not, the line of collimation, on the telescope being 
reversed, occupies the position A'B\ making an equal angle 
with the perpendicular on tlie other side, the error of colli- 
mation being half the angle between AB and A'B\ 

To correct for this error the spider lines must be moved 
by means of screws until the central line coincides with the 
eame point before and after reversing the telescope. When 
this adjustment has been made we know that the line of 
collimation sweeps out a great circle in the heavens. The 
object of the next two adjustments will be to insure that this 
great circle shall coincide with the meridian. 

\ 

LevelJErjror^ ^ ^ '' 

28. This error is due to the axis of revolution not being 
horizontal. To correct for it we make use of a spiritslovel 
which is long enough to reach from one extremity of the 

I ^nxis to the other. The level is fir^t hung on to the axis by 
means of hooks , and the position of the bubble is noted by 
means of a scale attached. The level is then reversed and 
the reading of the scale again noted. If the bubble occupies 
the same position as before there is no level error. But if 
not, one end of the axis must be raised or lowered by means 
of a screw until the reading of the bubble is the mean of the 
two former readings. 

After correcting for this error we know that the line of 
collimation not only describes a great circle, but that this 
circle passes through the zenith, or in other words, is a 
vertical circle. 

Deviation Error or Error of Azimuth, 

29. This error is due to the lin^’of collimation not pointing 
due north and south. The middle vertical spider line will 
therefore not coincide with the meridian, but with a vertical 
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such as ZX. (see fig. 16). The error is detected by observing 
. the interval between the upper and lower transits of a oiroum- 
golarjstar (preferably the 
pole star), and again the 
interval between its lower 
and upper transits. These 
two intervals should be 
equal, as the meridian bi- 
sects the circle described bj^ 
the star round the pole. 

But if not equal, the line 
of collimation cannot coin- 
cide with the meridian, the 
star appearing to transit at 
m and n (fig. 16). 

To correct for this error one extremity of the axis must 
be moved horizontally by means of a screw, until the two* 
intervals above mentioned are identical. 



Fig. 16 . 


Observing a Transit Eye and Ear Method, 



30. As the apparent motion of a star across the Jeld of 
view is greatly magnified by the telescope, the star may 
appear at one side of a wire or spider line at the termination 
of one second, and a t the befora-th^nnd of the - 

tdksifit^second. An expert observer, however, can esti- 
mate to a small fraction of a second the instant of crossing^ 
the wire. When the star appears in the field of view he 
writes down the hour and minute from the clock, and then,, 
without again looking up from his observation, keeps counting 
the seconds by the beats of the clock. The relative distances 
of the image of the star to the right and left of the wire at 
the end of two consecutive seconds enables him to determine 
the exact time of its passage across the wire. A similar 
observation is made for each of tlie seven wires. 

Tills method is called the “ eye and ear method.^’ 
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The Chronograph, ^ / 

A more accurate method of observing a transit is now 
coming into general use, by means of the chronograph. The 
clock is so arranged tliat at* every beat an electric circuit is 
broken, which causes a dot to be made on a sheet of paper 
wrapped round a uniformly-revolving cylinder. The cylin- 
der, besides revolving, let us say round a vertical axis, has 
a slow motion, either up or down in the direction of its 
length, so that the dots corresponding to seconds of time 
are arranged at equal intervals in a spiral or corkscrew curve 
on the cylinder. 

The observer at the instant of transit across a wire, 
presses a button, which causes a dot to be made on the 
C}/linder in addition to those caused by the clock-beats. The 
position of this dot relatively to the two dots caused by the 
clock immediately before and after, enables him, by direct 
measurement, to determine the time of transit to a very small 
fraction of a second. 


M eridian C ircle, 

31. The meridian circle, or, as it sometimes called, the 



jb'iG 17 


transit circle, consists of a transit instrument 2IN (fig. 17) 
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such as we have already described, with the addition of a pair 
of graduated circles placed one on either side of the telescope. 
These circles are fixed with their planes at right angles to 
the horizontal axis, and revolve with the telescope. The rim 
- / of each circle is graduated by means of fine lines usually into 
intervals of 5'. As mec hanical aubdivi smn cannot go much 
further than this, the intermediate minutes and seconds are 
determined by means of a microscope. Usually, however, 
six microscopes placed at equal intervals are used, each of 
them being read off and the mean of them all taken. These 
are represented in fig. 17 by the letters A, £, C, &o. In 
addition to these there is a microscope of low magnifying 
power called the Pointer^ which is used to read off the degrees 
and graduations corresponding to the intervals of 5'. These 
microscopes are all fixed, and therefore, as the circles revolve, 
^ the graduations pass across the field of view of each of them. 
^ The po inter microscon e should read zero when the line of 
collimation points to the zenith. 






Reading Micrompen. 


A 


In the focaLplane of the object-glass of each of the six 
microscope is fixed a small metal scale cut Into fina 
notches and called a comb. 

This scale and the image of the 
graduations on the circle are 
both seen together in the field 
of view as represented in fig. 18. 

There are 5 notches to each 
interval ah of the graduated 
circle, therefore each notch cor- 
responds to r, A small aperture 
p in the scale is placed to mark Fio. 18. 

the central notch, so that wh^ the pointer is, opposite 
graduation p shall coincide with one also. A spider line j 

iC ^ 
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«tretolied across the field of view, can be moved parallel to 
itself by means of a micrometer screw, the head of which is 
divided into 60 equal parts. Five turns of the screw-head 
serve to bring the spider line through an interval ab of the 
graduated circle ; therefore have 

5 turns screw-head = 5' of graduated circle ; 

/. 1 turn „ „ = 1' „ „ 

/. 1 division „ „ = 1" „ „ 

Now, suppose we have to take the reading of the circle 
in any position. The pointer microscope gives the reading 
roughly in intervals of 6'. The odd minutes are given by the 
number of notches in the comb from the central notch to 
the preceding graduation, say at c. The number of divisions 
through which the screw-head must be turned in order to 
bring the spider line into coincidence with c from the preced- 
ing notch will give the number of seconds. 

^ ErTSiXJi^-S(Wn^citif avoided by taking the mean of two micro- 
scope readings by diametrically opposite points, 

32. The error of eccentricity is caused by the graduated 
■circle revolving round some poin^ not its centre^ This is 



entirely eliminated by taking tlie mean of the readings at 
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diometrioallj opposite points. For let 0 be the centre of the 
circle (fig. 19), O' the point round which the circle revolves. 

-Nftw Iftt, fhft cirfllfl rftgnlvft ^fniin d O' thro ugh anplg gO 

that the line AB occupies the position Cl) ; then flie angleis a 
and j3 subtended at the centre "by the arcs AC and BD will 
correspond to the two readings at opposite sides. We have 
to prove that the mean of a and will equal 6. 

By Euclid (i. 32) we have 


/3 + d; 

also o = fi + ^; 


.-. a+/3 = 2(l; d = i(a+^). 


9 


T%find the Zeifiith P^nt on the Meridian Circle. 




33. We have already stated that the pointer sliould read 
zero when the line of collimation points to the zenith. But 
the mean reading of the six microscopes is not generally 
zero at the same time. We have, therefore, in every transit 
circle to find the zenith point or the reading of the circles 
corresponding to the zenith. 

In order to find this point the telescope is directed verti- 
cally downwards to a basin of mercury placed beneath it. 
It is then moved until the fixed horizontal wire and its 
image reflected by the mercury are perfectly coinci<lent. 
The line of collimation then points directly to the nad iy. 
The rea(flng of the pointer and microscopes, therefore, gives 
the nadir point, 180® from which is the zenith point. 

Another method of finding the zenith point is by observ- 
ing the pole star (which is chosen because on account of its 
rIhw mot ion it remains a long time in the field of view), and 
taking the reading of the circle when the star appears on 
the horizontal wire. The telescope is then depressed until 
the image oLthe star reflected from the surface of a basin of 
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mercury coincides with the horizontal wire, and the reading 
again taken. As the telescope in the two instances must 
have been inclined at equal angles above and below the 
horizon, the mean of the two readings gives the horizontal 
point, 90^^ from which is the zenith point. 

It is also evident that half the difference of these two 
readings, corresponding to the direction of a star and of its 
image in a basin of mercury, is the meridian altitude of the 
star. 




) The Polar^£mt on the Meridian Circle. 

33a, To find the pokr-point, ie, the reading of the 
meridian circle when the telescope is pointed to the pole. 

circunqwlar star is observed in its u pp^r and l ower 
trajisits, and in each case the reading of the meridian circle 
is taken. ^ 



y 

VC 


Thus, if rh and n represent the positions of the star at its 
upper and lower culminations, we have 

Pm^Pn^ polar distance of star = A. 

Let polar point = x. 

Then «t! + A o reading of circle when star is at », 
and ns- A - reading of circle when star is at m. 


Therefore the polar point is - half the sum of the two readings. 
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Since PR « altitude of pole » latitude of place ; 

^^the complement of the latitude « ccdaJitude. 

The latitude of the observatory or place can now be found, 
for the difference between the zenith point and the polar point is 
the colatitude ZP which, subtracted from 90^^, gives the latitude. 


Meridian Zenith Distance, 


Meridian Altitude, 


eciin 


Declination, 


34. In order to measure the zenith distance of a star when 
in the meridian, the telescope is pointed to the star and the 
reading of the circle taken. The difference between this 
reading and the zenith reading gives the meridian zenith 
distance of the body, which must be corrected for refrac- 
tion and other errors. 

The meridian altitude is obtained by subtracting the 



observed zenith distance from 90°. Having obtained the 
meridian altitude of the star we can now, the latitude of the 
place being known, determine its declination. For let S be the 
position of a star in the meridian, then ; — 

8H = meridian altitude « a ; 

8E « declination = 8. 
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Also EE = eolatitude ZP (both having a common comple- 
ment ZE). Now we have 

EE^SE^SEy 
or colat + ^ = a. 

Similarly, if the star be at S', we have . j , 

colat-8 = a^ ^ 

^ Therefore c olatitud e ± decli^ion = meridian altitude,, 
the plus or minus sign being taken in the northern hemi- 
sphere, according as the star’s declination is north or south.* 
From this equation, knowing the meridian altitude of the 
star and the latitude of the place, its declination is deter- 
mined. 

35. §4ar8.— In the N^icaLAlmanao, which 

is published every year, is a list of stars whose right ascen- 
sions and declinations are recorded for each day. Their 
declinations are determined by the method we have just in- 
dicated, and a method of finding their right ascensions will 
be given later on (see Flamsteed’s Method, Chapter VIIL). 
These stars are called dandard stars. The declination of 
^ ^ any other star can be found by comparing the reading of 
the trgjiaiLoirole when the telescope is directed to the star ^ 
with the corresponding reading for a standard star. The , 
difference of the two r^djiigs being the difference of their 
declinations, the declination of the body in question can 
therefore be found. > ^ 


BemaM 


As the first point of Aries is an imaginary point in the 
sky, such that we cannot observe its passage across tl» meri- 
dian, we are not therefore able to tell by di rect nbsftyyati on 
when to set the clock at 0** 0“ 0®. But the time of transit of 


^ In case the star transits between Z and P the equation becomes 
tolat + SslSO-a. 
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a standard star is known from its right ascension, and the 
clock can therefore be set at correct sidereal time when one 
these stars is observed in the meridian. 

^ The of the clock, i.e. the amount it gains or loses 
each day, can be determined by noting the interval between 
. . the transits of a fixed star on two succjssis^-Jiights. The 
Vjy interval should be 24 sid ereal ho urs, from which the daily 
. gain or loss of the clock is found. A good clock should be 
such that its rate of gain or loss is uniform. 

To find the Right Ascemion of a Body, 

The clock being set correctly and its rate being known, 
then the sidereal time at which a body crosses the meridian 
is its right ascension, which can be reduced to degrees, 
minutes, and seconds by multiplying by 15. 

/ ^ , r TpMmpPH. 

36. In order to correct the error of collimation, we have 
, seen that the axis of the telescope has to be reversed in its 
sockets, and the direction of a distant mark observed before 
. j and after r ^ers al. This method has, however, now been 
^ superseded by the use of two small telescopes, called col- 
^ ^ limating tek%cope%, fixed one to the north, and the other 
to the south side of the trangiLtelescope. Each of these is 
yo furnished with crosa-wires, so that, on looking through one 
into the other, which can be managed by means of an 
opening in the tube of the large telescope, the images of the 
y cross wires (illumijjated) appear coincident. If now the cross 
^ wires of the transit instrument itself be so adjusted as to 
coincide with those of the north collimator, and it be found 
on rotating the telescope round that they are also coincident 
with those on the south, the line of collimation must be 
perpendicular to the horizontal axis. By this method the 
troul^some operation of reversing the axis of the telescope 
is avoided. 
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36a. There is yet another method of determining the 
collisiaticm ^rror by pointing tlie telescope vertically down- 
wards towards a basin of mercury. If the axis be perfectly 
liorizontal and there be no collimation error, the spider lines 
should coincide with their image formed by reflection from 
the surface of the mercury ; for the rays of light diverging 
from the spider lines (whicli are illuminated), after passing 
through the object glass, fall in parallel lines on the surface 
of the mercury, from which they are again reflected in - - 

parallel lines, which are c onverge d back again to its focus by^' i 
the object glass. If, therefore, the level error having been , 
previously corrected, the real system of spider lines do not ^ ' 
coincide with the reflected system, the difference, which may 
be measured by a micrometer, is twice the error of collb^^.^ 
mation. , 

T y Eauatorm L. ' 

37. Most of the large telescopes in observatories are 
mounted equatorially. This arrangement consists in an 
axis AB (fig. 21) which points to the celestial pole, called 



B attached to two fixed piers. The telescope can be tHhied 
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round an axis C, so as to be set at any angle to the polar 
axis. A clockwork apparatus is generally attached to the 
larger instruments, by means of which the polar axis is made 
to revolve uniformly in its bearings in the same direction aa 
the diurnal motion of the heavens, the revolution being 
completed in 23^ 56*", so that once the telescope is pointed 
at a star, and the clockwork apparatus set going, it is 
possible to keep that star in the field of view for a prolonged 
period. 

By combining the two motions which it is possible to 
give the equatorial, it can be pointed at any star in the 
heavens, which need not, as in the case of the transit in- 
strument, be in the meridian. It is therefore for obser- 
vation of bodies not in the meridian that this instrument is 




used. 

A graduated circle mn, whose plane is at right angles to 
the polar axis, serves to set the telescope at any required 
right ascension. It is called the h ow^ - maik ^ Tlie axis Cy 
round which the telescope turns, also carries a graduated 
circle, which is not drawn on the figure. It is called the 
declination circky as by means of it the telescope can be set 
f at any required declination. Both circles are re^ off by 


"ij pomtfiiMaierescopes, 


y: 








The equatorial, on account of its high magnifjdng^wer, 
enables us to observe the nature of the moon and planets and 
^ther heavenly bodies. It is also used in stell ar photogiw hy 
and in the speotixijoopiojsnajysis of the stars. 

^ Micpioekrs. ix Oy 


38. Every equatorial is furnisbed with a micrometer for 
measuring small angular distances such as the angle subtended 
at the observer by two neighbouring stars in the field of view 
of the telescope. The kind most commonly used is the 
parallel wire <w spider line micrometer. It consists of a 
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reot6yagula»-4*amw (fig. 21 a) with a graduated scr^w- 
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head g/(/ at each end ; 466, cec are two metal forks which slide 
within one another on which are fixed two parallel spi^ier^ 
Jines d and e ; two fine screws /, / having milled heads (/, g 
connected with graduated circles, are attached one to each 
fork, so that by turning these milled heads each fork can be 
drawn out or pushed in according to the direction in which 
the head is turned, and thus the spider lines can be brought 
as wide apart or placed as close together as we please. There is 
also a fixed transverse spider line k at right angles to d and e. 
The circumference of each of the circles in connexion with 
the screw-heads is divided into 100 equal parts. There is 
also a fine scale cut into imkheSj every fifth notch being cut 
deeper than the others as is seen in the above diagram ; 
the distance between two consecutive teeth being equal to 
the interval between the threads of each of the screws, there- 
fore a complete revolution of one of the screw-heads just 
moves the e<«^espondiiigj^der line through a distance equal 
to the common interval between the teeth. 

In order to measure the angle subtended by two neighbour- 
ing stars at the observer, the micrometer is placed in the focal 
plane of the telescope and rotated until the fixed tranfijers^ ^ 
8pid©r4ine passes through the images of the two stars. The 
two parallel lines are then shifted by means of the screws 
until each coincides with an image of a star. The distance 
between the two wires can now be found by noting, by means 
of the teeth out in the scale, how many turns must be given 
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to the 8oreW"head (or so^w-heads) to mal^ the parallel lines 
j coincide. The fractional parts of a turn can be read off on 
^7/ the graduated circle attached to each sfiieffirhead ; and the 
^ angular value of each turn being known, we are able to calcu- 
late the angle subtended by the stars. 

The micrometer also serves to measure the angular dia- 
meters of the sun, moon, or planets, one of the parallel lines 
^ being placed so as to touch one limb, and the other the dia- 
metrically opposite limb of the oirculajwiiso presented by the 
body, and the distance between them is measured as before. 

38a. To find the angular value of each tm n of the micrometer 
Bcrew^ a circumpolar star is chosen, preferably the pole star, 
for, on account of its very small distance from the pole, its 
motion is very slow, and can therefore be most accurately 
observed. The micrometer is then adjusted so that the 
diurnal motion of the star is along or parallel to the fixed 
spider line. The two movable lines are then separated by a 
certain number of turns of the screw, and the time taken by 
the image of the star to pass from one line to the other is 
noted, from which, knowing that the star describes 360° of a 
small circle in 24 sidereal hours, the angular value of the 
distance between the wires is easily found, and hence the 
angle, expressed in seconds of a small circle, corresponding 
to one turn is known : but the relative magnitude of the 
small circle described by the pole star to a great circle can be 
found since the declination of the star is known ; hence the 
number of seconds of the arc of a great circle corresponding 
to each turn is obtained. 




The Alt-Azimuth Imtrument, 


The alt-azimuth may be described as an equatorial, of 
which the axis points to the zenith instead of the celestial 
pole. It admits of a double motion in altitude and azimuth, 
just as the equatorial does in right ascension and declination. 
Like the equatorial, it is used in ex-meridian observations. 
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Owen the zenith distances of a circumpolar star at its 
upper and lower transits to calculate the latitude of the place and 
the starts declination. 

Let the zenith distances* Zn and Zm (fig. 19a) be repre- 
sented by z and also 

Polar distance Pm ® Pn = A, and ZP =* oolat ; 

.‘o z *= colat + A 

2' = colat ~ A ; 

2 + 2' = 2 colat, 

and 2 - 2' = 2 A ; 

oolat = ^ ■ ; hence lat. = 90 - 

z 2 — 2^ 

and polar distance A = —75— ; hence decln. S = 90 ^ • 

z z 

N.B. — If the star in one of its transits souths^ i.e. if it cross 
the meridian south of the zenith, its zenith distance at this 
transit is to be considered negative. 

Examples. 

1 . Supposing the earth to rotate with the same angular velocity as at 
present, but in the opposite direction, what would be the length of a mean solar 
day and the number of mean solar days m the year ? Ana. 23** 52“ , 367^. 

2. How many sidereal days are there in the year P Am. 366i. 

3. What is the meridian altitude of the sun at Dublin on the 21st June, the 

latitude of Dublin being 63° 20' P Am. 60° 8'. 

Here colat ±8 = 0 (Art. 34) , 

but 8 »= 23° 28' N. and colat = 90° - 63° 20' = 36° 40' ; 

36° 40' + 23° 28' = a; 
a = 60° 8'. 

4. What is the meridian altitude of the sun at Dublin — (1) during the 

winter solstice ; (2) at the equinoxes P Am. (1) 13° 12'. 

(2) 36° 40'. 

N.B. — At winter soistice 8 « 23* 28' S. (minus). 


^ In all eaaea these zen%th dMtemes when tneasured hy the tnendtan ctrele are 
to be eorreeted for refraetion and other errors. 

E 2 
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6. The zenith distances of a circumpolar star as it crosses the meridian above 
and below the pole are found, after correcting for refraction, &c., to be 13® 7' 16" 
and 47® 18' 26", Calculate from this the latitude of the place and the decli- 
nation of the star. (See Art. 38a). Ans 69® 47' 9", 72® 64' 26". 

6. The latitude of John o’ Groat’s house is 68®69'N. Find the sun’s- 
meiidian altitudes at that place on midsummer and midwinter days, respectively* 

Ans, 64® 29', 7® 33'. 

7 . Find the latitude of a place where the greatest elevation of the sun above 

the horizon at midsummer is 76® 42'. Aus, 36® 46'. 

8. The declination of Canopus is 52® 38' S ; if we travel southwards, where 
shall we first find it attain a mendian altitude of 10° ? 

Ans. 27® 22' North latitude 

9. Find the declination of a star whose corrected meridian zenith distance, 

as observed at Dublin (lat. 63° 20'), is 72® 18' 40". Am. 18° 58' 40" S. 

10. What is the sun’s midnight depression below the horizon at Dublin 

during midsummer and midwinter, respectively. Ans 13® 12', 60° 8'. 

1 1 . The zenith distances of a star at lower and upper culminations are found, 
aftei correcting for refraction, &c., to be 76® 4' and 2® 52® S. lespectively. 

Find the latitude of the place, and the declination^ of the star. 

iV. 5. —Apply formulm in Art. 38a, but 2° 62' being south is given a minus 
sign. Ans, 63° 24', 60® 32'. 

12. The decimation of Vega (a Lyrae) is 38® 41' N. ; does it cross the^ 
moridian of Dubhn (lat. 63° 20') north oi south ot the zenith ? 

Ans Uppei transit, 14° 39' S of zenith. 

Lowei tiansit, 87° 69' N. of zenith. 
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CHAPTER IV. 

ATMOSPHERIC REFRACTION. 

39. We have seen (Chapter iii.) how the altitude of a 
etar can be found by observation. This observed altitude, 
however, is liable to some error, owing to the rays from the 
star being bent in passing through the atmosphere before 
they reach the eye of the observer, thus leading him to think 
that the star is in a different direction than is really the case. 
This apparent displacement is due to the refracting power of 
the atmosphere. 

We know from i|>p- 
tics that when a ray 
of light passes from a 
rarer to a denser me- 
dium, it is refracted 
or bent towards the 
perpendicular to the 
common surface of the 
two media. Thus-40jB 
would represent the 
path of such a refracted 
ray, the angle i Ijeing 
the angle of incidence, 
r the angle of refrac- 
tion, while i - r is the amount of the refraction. 

It is also a law of optics that the angles of incidence and 
refraction are such that their sines are in a constant ratio ; 
therefore. 



sm « . . 

— « a CQnstaut » u. 
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Now the atmosphere is a gaseous fluid, subject to the action 
of gravity. Its density in its upper layers is very small ; 
but as we approach the earth its density increases as the 
weight of the superincumbent air on any given area increases. 
Therefore, when a ray of light from a star 8 strikes the 
atmosphere, we may suppose it in its passage to the earth to 
pass through an indefinite number of media each denser than 
the preceding, like a number of concentric spherical shells. 



The path AP of the ray througli the atmosphere thus being^ 
continually bent will be curved. To an observer at P the 
star will appear in the direction P8\ a tangent to the curve 
at the point P ; whereas its real direction, if there were 
no atmosphere to refract the ray, would be P/S, a parallel 
drawn through P to AS ; for, being so far distant, the lines 
drawn from A and P to the star will be practically parallel. 

The angle BPS' between the apparent direction of the 
star and the direction in which it would appear if there were 
no atmosphere is called the refraction. 

The effect of refraction, therefore, on the position of a 
heavenly body, is to raise it in the sky, so as to increase 
its altitude and diminish its zenith distance.. But as this 
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apparent displacement takes place in a vertical plane, the 
azimuth of the body is not affected. 

Therefore, in all observations of the altitudes of heavenly 
bodies each apparent altitude must be diminished by the 
amount of the refraction, in order to get the true altitude. 
This correction is called the correction for i efraction. 

The amount of refraction is greatest when the angle of 
incidence is greatest, Le, when the body is on the horizon. 
The refraction is then called the horizontal refraction. 

The refraction is zero at the zenith, as the rays from a 
body situated right overhead strike the different layers of the 
atmosphere at right angles, and, therefore, do not get bent. 
The horizontal refraction is about 36'. Therefore, a body 
on the horizon will appear a little more than half a degree 
above the horizon. As the angular diameter of the sun is 
about 32', or a little more than half a degree, we are able to 
form some sort of idea as to how much a body on the horizon 
is displaced by refraction, by remembering that it is through 
an arc nearly equal to the breadth of the sun^s disc. From 
this we conclude that when it appears to us that the sun is 
about to set he has in reality just set, and we would not see 
him at all were there no atmosphere to refract his rays.^ 

The amount of refraction is influenced by the changes in 
the pressure and temperature of the atmosphere. A rise in 
the barometer is accompanied by an increase in the amount 
of refraction, provided the altitude of the body remain the 
same. On the contrary, an increase of temperature produces 
a diminution of refraction under the same circumstances. 
In an observatory it is necessary, in estimating the error due 
to refraction, to take into account not only the zenith dis- 
tance of the body, but also the pressure and temperature 
of the atmosphere as indicated by the barometer and ther- 
mometer respectively. We have seen that the horizontal 
refraction is about 36' : therefore, how rapidly it decreases as 
the zenith distance decreases is seen from the fact that tiie 



56 ATMOSPHERIC REFRACTION. [^HAP. IV. 

refraction at an altitude of 45^ has a mean value of only 
68 "- 2 . 

Law ofRefraction, 

40. As the height of tho atmosphere is so very small 
compared with the radius of the earth, we may assume that 
the lines drawn from A and P (fig. 23) to the centre of the 
earth are parallel, or, in other words, that the surface ot 
the earth is a horizontal plane, with an indefinite number 
of horizontal layers of atmosphere of gradually decreasing 
density resting on it. We can now very easily deduce a 
law according to which the refraction varies ; for the ray 
will get bent through the same amount if, instead of passing 
through a number of layers of varying density, we suppose 
it to pass through a homogeneous atmosphere of the same 
density throughout as the layer in contact with the earth, 
when we can imagine it to get bent once for all at its 
entrance into the atmosphere, and then proceed in a straight 
line to the observer. 

The refraction of a heavenly body^ the temperature and preh- 
sure being constanty varies as the tangent of the apparMt zenith 
distance. 

Let SAP represent the path of a ray from a star to an 
observer at P (fig. 24). The apparent direction of a star 
will then be PS\ the angle z being the apparent, and z^- x 
the real zenith distance, while angle SAS^ = amount of 
refraction = x, 

XT shie (anele of incidence) , , 

Now j « a constant « u. 

sine jangle ot retraction) 

sin (s + ' , . . . , V 

or == u, that 18 , sin (z + x) ^usiuz; 

sin s ^ V / r- 

sin s cos .r + cos z sin x - p sin z. 

But X is a very small angle, and we know from trigo- 
nometry that the cosine of a very small angle is almost 1, 
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and as the perpendioular and arc almost coincide, its sine 
= its circular measure ; 

sin a; = * (expressed in circular measure;, 
and cos a; = 1 ; 


z z 



therefore the above equation becomes 

sin s + a: cos s = /tt sin s ; 

ar cos s = ft sin s - sin s = (/« - 1) sin s ; 

. , , sin s 

/. a; = (u - 1) > 

' cos 2 


or 

Let 


a: = (ft - 1) tan s. 
ft-l».E'; 

« = JT tan 2 ; x varies as tan s. 


This law has been fou^d to be approximately true for 
zenith distances up to 76°. Nearer the horizon tlie law does 
not hold, as the constitution of the different layers of the 
atmosphere will affect it. It is evident at once that the law 
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could not hold at the horizon where the zenith distance « 90® 
for tan 90® = infinity. 

The amount of the refraction at any observed zenith dis- 
tance loss than 75® can be found by substituting for tan ^its 
value, provided the value of the constant K be known, for 
finding which we give the following methods. 

41. To find the constant coefficient of refraction when the 
latitude of the place is known. 

This is done by observing with the meridian circle the 
zenith distances of a circumpolar star as it crosses the 
meridian above and below the pole. 

Let m and n repre- 
sent the true positions 
of the star at its two 
culminations, then to 
the observer the star 
will appear at m! and n' 
as raised by refraction. 

Let the observed zenith 
distances Znf and Zn' be 
represented by % and % : 

Fig. 25 . 



R 


'3 


Zm = Zm' + the refraction = z + K tan s, 

Zn = Zn' + the refraction = z' + K tah z ' ; 
adding, we get Zm + Zn = z + z' + K (tan z + tan a'). 

But (Art. 38a) 

(for PR - lat^lgliP^ce) =180® - 2 lat ; 

••• 180° -'^ lat = a + a' + A" (tan a + tan a') ; 




l80°-2 lat-a-a' . 
tan a + tan a' 


But the latitude of the place is known, and a and a' are 
lUie observed apparent zenith distances ; therefore K is 


d^ermined. 
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42, Bradley’s Method. — The coefficient of refraction 
can be found when the latitude of the place is not known 
by the method of Dr. Bradley, who, besides observing the 
zenith distances of a circumpolar star at its two culminations, 
measured the zenith distances of the sun when in the meri- 
dian at the summer and winter solstices, when the sun’s 
declination is 23° 28' north and 23° 28' south respectively. 
Let these observed zenith distances be denoted by s and 
If now ^ and J? (fig. 26) represent the real positions of the 
sun, the apparent positions when observed will appear raised 
to -4' and jB' ; 

ZA = + refraction = s + JET tan s, 

ZJB ^ ZB' + refraction = s' + JT tan s' ; 
adding, v/e get 

ZA + ZB = s + s' + JT (tan s + tan s') ; 
but ZA + ZB = 2ZE as before, and arc ZE = PR (having a 
common complement ZP) = lat ; 

/. 2 lat s + s' -v K (tan s + tan s'). 

We have also from observations on a circumpolar star, as in 
the last method, 

180° - 2 lat = 2 + z' + (tan z + tan s'). 

By adding these two equations, we eliminate the latitude 
thus : — 

180° = s + s' + s + s'+ir {tan s + tan s' + tan s + tan s'} ; 

^ 180°-s~s'~s-s' 

, tan 8 + tan s' + tan s + tan s' 

But 8, s', s, and s' are observed ; therefore K is deter- 
mined. The fact that the latitude need not be known is an 
advantage in Bradley’s method, but it takes six months to 
complete the observation. 

By these methods the constant of refraction has been 
estimated at about 68" *2 ; 68"*2 tan «. 
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42 a. The coefficient of refraction may also be found and 
the latitude of the place determined at the same time, by 
observing the apparent zenith distances of two circumpolar 
stars at their transits above and below the pole. 

Thus we have for one star : — 

180 ° - 2 lat = s + 2' + jK" (tan z + tan 2') ; 
the second circumpolar star will similarly give 

180 ° - 2 lat = 2i + 2/ 4 - TT (tan 2i + tan 2/) ; 
z-¥z' + K (tan 2 + tan 2') = 2i 4 2/ -f ^ (tan Zi + tan 2/) ; 

.*. K (tan 2 + tan 2' ~ tan 2i - tan 2/) = 2i + 2/ - 2 - 2', 

2i + 2/ ~ 2 - 2' 

tan 2 + tan 2' - tan Zi ~ tan 2/ * 

the value of K being thus found, the latitude may be 
determined by substitution in one of the above equations. 

43 . A curious eflEect of refraction is the oval shapes which 
the sun and moon appear to have wlien near the horizon 
The reason of this phenomenon is, that the lower limb being 
nearer the horizon than the upper limb will be raised to 
a greater extent by refraction. The vertical diameter AB 


ch 



will thei^fore appear shortened as A'B', while the norizontal 
diameter remains the same. Tliis apparent diminution in 
the vertical diameter of the sun and moon when near the 
horizon amounts to about one-sixth part of the whole, or 
about 5 '. 
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Examples. 

1. The apparent zenith distance of a star is 30®: calculate the true zenith^ 
assuming the coefficient of refraction to be 68"* 2. J 

Here the refraction = 58''*2 tan 30®.» 

= 68"-2x _L = 33"-6; 

Z 

.% True zenith distance = 30® 0' 33" *6. 

2 The apparent altitude of a star is 30® ; calculate the true altitude, tho 
coefficient of refiaction being 68" 2. Am. 29° 68' 19"*2. 

3. An altitude of a star is observed, and found to be the angle whose sine 
is 1 % , calculate the true position of the star, assuming the amount of refraction 
at an altitude of 46° to be 68" *2 (J. S., T.C.D.). 

Here the refiaction = .fiTtan 

but K- 68" *2 for tan 46®= 1, and tan cot (alt) 
iefraction = ^^x 58" 2 = 2' 19"*7. 

Therefore the true altitude is 2' 19" *7 less than the observed altitude 

4. The meridian altitudes of a circumpolar star are 20® and 30°, and the 

coriesponding corrections for refraction aie 1' 40" and 1'9"; find the latitude 
of the place (Degree, T.C.D.). Am. 24° 68' 35" 5. 

5. If a, a be the tiue and (apparent altitudes of a body affected by lefrac- 
tion, prove the equation a = a' - 68" 2 cot a'. 

6. Find the latitude of a place at which the observed meridian zenith distances 
of a circuuip<fiar star were 47° 28' and 22° 18', gi\en that the tangents of these 
angles aie 1*09 and 41 respectively, and taking the coefficient of refraction to- 
be 68"*2. 

Here (Art. 41) 2 colat = Z-j- Z' + JST (tan Z + tan Z ') , 

2 colat = 47° 28' + 22° 18' + 58"*2 (1*09 + *41) 

= 69° 46' + 58"*2 x 1*5 
= 69° 47' 27"*3 ; 

.*. colat = 34° 53' 43" 6 ; 
lat = 55° 6' 16" 4. 


or 
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CHAPTER V. 

THE SUN. 

44. To an inhabitant of the earth the sun is by far the 
most important of all the heavenly bodies. His rays supply 
light and heat not only to the earth, but to the other planets, 
and his attraction controls their motions, causing them to 
describe their respective orbits. It is therefore hardly to be 
wondered at, that from the most ancient times a body of 
such splendour, whose influence on earthly affairs was so 
supreme, should have been an object of great awe and 
veneration. 

The sun is an intensely hot and luminous body, distant 
from the earth by about 92,700,000 miles. The angle 
which the diameter of his disc subtends at the earth, when 
measured by a micrometer, is found to have a mean value of 
about 32'. From this the sun^s diameter in miles can be 
obtained, for 

32' X 60 d 
206265" 92,700,000’ 

From which we get d the diameter of the sun to be about 
860,000 miles, or about 110 times the earth^s diameter. 

As the volumes of two spheres are to one another as the 
cubes of their diameters, this would give 

vol. of sun « (110)* X vol. of earth 

« 1,331,000 X vol. of earth. 

So that if 1,331,000 spheres like the earth were massed 
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together into one sphere, the resulting volume would about 
equal that of the sun. 

The sun’s density, however, owing to his physical state, 
is only about one-fourth that of the earth, from which we 
conclude that his mass is abdut 333,000 times the mass of 
the earth. 


The Sun^s Apparent Diurnal and Annual Motions. 

45. We have seen in Chapter I., that besides a compara- 
tively rapid diurnal motion from east to west which the sun 
lias in common with all the other heavenly bodies, he seems 
to have a slow motion from west to east among the fixed 
stars at the rate of about 1° daily, so as to make a complete 
revolution each year. A mean daily change in right ascen- 
sion of V is equivalent to 4 minutes of time, for 15® corre- 
sponds to one hour. The mean solar day is thus 4 minutes 
longer than the sidereal day. 

We have seen, in Chapter II., that the apparent diurnal 
motion of the heavenly bodies is really due to a revolution 
of the earth on its axis, and it will presently be shown that 
the sun’s apparent annual motion in the ecliptic is due to a 
motion of the earth in an orbit round the sun. 

On account of the sun’s change of position among the 
fixed stars, the appearance which the heavens present to us 
each night at a certain fixed hour goes through a regular 
cycle of changes in the course of the year. For instance, 
stars and constellations which are visible at, say 11 o’clock 
at night during winter — such as Smus, Aldebaran, the 
Pleiades, and the constellation of Orion, will be below the 
horizon at the same hour in summer. The reason of this is 
evident if it is borne in mind that 11 p.m. means 11 hours 
after the sun has been in the meridian ; and therefore, when 
observed at the same hour each night, each star will have 
shifted with reference to both meridian and horizon. 
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To Trace the Annual Path of the Sun on the Celestial 

Sphere, 

46. On account of the sun’s brightness it is impossible^ 
even in an observatory, to see those stars which are at all 
close to his disc, and therefore the sun’s position with refe- 
rence to tliem cannot be directly measured. How, then, can 
tlie ecliptic be traced out ? To the ancient astronomers, who 
were without instruments of great accuracy, this was indeed 
a difficult problem. Hipparchus (160 b.c ) noted the sun’s 
position relative to the moon during the daytime, and then, 
during the night, he determined the moon’s position among 
the fixed stars, from which he deduced the position occupied 
by the sun. But in a modern observatory, by means of the 
transit circle and astronomical clock, we can find the right 
ascension and declination of the sun’s centre, from which we 
are able to note on the celestial globe his position among the 
fixed stars. By repeating these observations at noon each 
day, his annual path can be traced out. 

When the ecliptic is thus mapped out on the celestial 
sphere it is found to be a great circle, that, is, its plane passes 
through the earth, which is situated at its centre. But let 
us not for a moment suppose that the sun’s apparent yearly 
motion could be explained by supposing it to describe a circle 
round the earth as centre merely because the pi ejection of 
that path on the imaginary celestial sphere is a circle. For 
if the sun were to move in a circle round the earth as centre, 
the angle subtended by the diameter of its disc should be 
always the same, that is, supposing that the sun itself does 
not undergo any change in volume. However, we find that 
this angle is not constant, but goes through a regular cycle 
of changes throughout the year, being greatest on the 31st 
December, when it is 32' 36", and least on Ist July, when it 
has a value 31' 32". 

From this it is seen that the sun is nearest the earth on 
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31st December, and furthest away on 1st July, but that the 
difference is not very great. From this we may conclude 
that if the sun moves round the earth, his path must be 
nearly, but not quite, circular. 

Apparent Annual Motion of the Sun due to a Motion of the 

Earth. 

47, As the apparent annual motion of the sun in the 
ecliptic, together with the changes in the seasons, could be 
explained on the supposition that the earth describes an 
annual orbit about the sun, we have therefore one or other 
of two alternatives to choose — 

Either the sun revolves round the earth in an orbit nearly 
circular ; or 

The earth revolves round the sun in an orbit nearly 
circular. 

That the second explanation is the only admissible one 
appears from the following considerations : — 

(1) It is known (Chapter VI.) that the planets, which 
are opaque bodies, receiving light and heat from the sun like 
the eartli, revolve round the sun in orbits nearly circular. 
That some of these are much larger and some smaller than 
the earth ; some at greater and some at less distances from 
the sun; also the earth’s periodic time (365|- days), and 
its mean distance from the suu (92,000,000 miles) satisfy 
Kepler s 3rd Law (Chapter VI.), viz. that the squares of 
the periodic times of the planets vary as the cubes of their 
mean distances from the sun. We therefore argue from 
analogy that the earth, like the other planets, revolves 
round the sun. 

(2) We know from dynamical principles that the sun, 
earth, and planets, on account of their mutual attractions, 
must either come together or revolve round the common 
centre of gravity of the whole system. But the sun’s mass 


F 
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being much greater than that of all the planets put together, 
the common centre of gravity of all is a point within the sun 
not far removed from his centre ; and round this point the 
earth and planets must revolve. 

(3) The aberration of the fixed stars (Chapter VIII.) 
cannot be explained on any other hypothesis except on the 
supposition that the earth moves round the sun. 


Parallelism of the EarWs Axis. 

48. We find that although the earth revolves round the 
sun, the position of the celestial pole among the fixed stars 
remains very nearly constant throughout the year : we there- 
fore conclude that the axis of the earth is constant in direc- 
tion, i.e. remains parallel to itself, while the earth moves 
round the sun. 

Since the plane of the ecliptic, or, in other words, the 
plane of the earth's orbit, is inclined to the equator at an 
angle of 23® 28', therefore the earth’s axis, which is perpen- 
(^cular to the equator, must be inclined to the plane of its 
orbit at an angle of 66° 32', the complement of 23® 28'. 


The Seasons. 

49. The changes of the seasons are due to this constant 
obliquity of the eartKs axis to the plane of its orbit (66° 32'). 

Let fig. 27 represent the orbit of the earth round the 
sun. NS represents the axis of the earth, of which there 
are four parallel positions taken corresponding to the summer 
and winter solstices, and the autumnal and vernal equi- 
noxes. EQ represents the equator, ab and cd the arctic and 
antarctic circles, 0 the centre of the earth, and H the sun. 


Position (1) Winter Solstice {left side of figure). 

This represents the position of the earth when the north- 
ern portion of its axis is turned from the sun, i.e. when the 
L NOE is greatest^ which happens at about 21st December, 
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when the sun is vertical to the Tropic of Capricorn mn 
Since the 4 bOH = 90°, the 4 JSTOR therefore = 90° + 23° 28' 
= 113° 28'. To an observer at the north pole N this period 
•coincides with the middle of the long night lasting for six 
months, for it is evident, on looking at the figure, that the 
diurnal revolution of the earth on its axis could not bring 
any part not distant from JV more than 23° 28' into sunlight. 

(4) 



( 2 ) 

Fig. 27. 

If we draw a small circle round iV" at a distance from 
23° 28', j ust reaching the line of demarcation of light and 
-darkness, this circle coincides with the arctic circle. The 
reverse is the case round the south pole, where this period 
■corresponds to the middle of the long period of daylight. 
Similarly, at this period the sun will not set even at 12 o'clock, 
p.M , to any observer within the antarctic circle. 

Position (3) Summer Solstice {right side of figure). 

Here the conditions are reversed : the north pole of the 
^arth is turned towards the siin, such that the L NOH has 
its least value, viz. 90° - 23° 28' = 66° 32'. The sun in this 
ease is vertical to the Tropic of Cancer xy. This period cor- 
responds to the middle of the six months' daylight at the 
north pole and six months' night at the south pole. 
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Positions (2) and (4). 

These two positions represent the earth at two inter- 
mediate periods when the plane of the equator passes throiigh 
the sun, which therefore occupies a position on the celestial 
equator at one or other of the equinoctial points. Here the 
L iV’OJ5r = 90°; therefore the line of demarcation of light and 
darkness will pass through the north and south poles of the 
earth, and day and night are of equal duration all over the 
world. These two periods are therefore called the two equi- 
noxes, position (2) corresponding to the vernal, and (4) to 
the autumnal equinox. 

Amount of Heat received daily from the Sun. 

60. The average amount of heat received from the sim 
each day in summer is greater than in winter. Tliere are 
two reasons for this : — (1) The sun remains a longer time 
above the horizon each day in summer than in winter ; and 
(2) he attains a greater meridian altitude in summer than 
in winter. But why should we get more heat from the sun 
wlien he has a great meridian altitude than when he is 1^ 



Fio. 28 . 

dow^^^near the horizon ? Could the explanation be that he is^ 
then nearer to usP — No, for he is at practically the same 
distance from us at noonday when his rays are warm as at 
sunset, when he seems to give out very little heat ; and 
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moreover he is, as we have seen, nearer to us at midwinter 
than at midsummer. The explanation, however, depends on 
the fact that, when the sun has a great altitude in the sky, 
his rays strike the earth directly ; on the other hand, when 
low down near the horizon, fliey strike obliquely^ Why the 
efl&cienoy of his rays in warming the earth should be greater 
in the former case than in the latter appears at once from 
fig. 28. Let 8 represent a point on the sun, SAB and 
SA'B' two cones having equal vertical angles at S, tiie 
former striking^ the earth directly, the latter obliquely, so 
that to an observer on the earth situated inside the area AB 
the sun will appear high up in the heavens, and viewed from 
a point within A'B' he will appear quite close to the horizon. 
We may now assume, since the cones have equal vertical 
angles that equal quantities of heat radiate from S along 
the cones SAB and SA'ff^ and that therefore the areas AB 
and A'B^ receive the same amount of heat, but the area A'B' 
being an oblique section of the cone is greater than AB^ 
which is a direct section ; therefore, as the same amount is 
distributed over both, the quantity of heat per unit of area 
must be less inside A'B' than AB. 

This explanation accounts both for the fact that the aver- 
age amount of heat derived from the sun each day in summer 
is greater than in winter, and also that, other conditions 
being the same, the sun should feel hotter at noon on any 
day than at any other hour. This difference is still further 
increased owing to more heat being absorbed by the atmo- 
aphere when the sun is near the horizon, for the rays of the 
aun have a greater thickness of atmosphere to pass through 
when coming almost horizontally than vertically. 

From this we should expect that in northern latitudes 
fcine should be the hottest month of the year, and December 
the coldest. But we generally find that the mean tempera- 
ture is higher in August than in June, and lower in February 
than in December. The reason of this is, that during June 
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the earth has not had sufficient time to regain the heat lost 
during the winter; but for some months after June, the 
earth gains more heat during the day than it loses at night ; 
there is, therefore, a continuous increase in the mean tempera* 
ture until the amounts of heat gained and lost during the 
twenty-four hours become equal. Again, for some time 
after the winter solstice, the amount of heat lost during the 
night exceeds that gained during the day ; therefore, during 
this period the earth is losing heat, the lowest mean tem- 
perature being in general registered when the gain and loss 
during the twenty-four hours become exactly equal. This is^ 
the explanation of the old saying : ‘‘ as the day lengthens 
the cold strengthens.’’ 

For the same reason, mid-day is not generally the 
warmest hour of the day, as there is in general a continuous 
gain in heat for some time into the afternoon : nor is the 
coldest period of the night generally reached for some hours 
after midnight. 

The mean temperature at any place is, however, greatly 
influenced by other conditions, such as prevailing winds, 
insular or continental position, proximity to the gulf-stream,, 
height above sea-level, &c. 

Rotation of Sun, Sun Spots. 

61. When the disc of the sun is observed through 
telescope, dark spots are very often seen on its surface. 
These appear first at Astern edge, move slowly acrosis 
the bright face of the sun, and after disappearing behind th 
western edge, reappear again on the same side as before. 
Moreover, the times of appearance and disappearance are 
equal, each being about 13^ days. From these observations 
we are led to one or other of two conclusions — 

(1) Either they are due to bodies revolving round the 
sun, so that they, coming between the sun and observer^ 
appear as dark spots projected on the sun’s surface ; or 
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(2) They are due to actual appearances on the surface 
of the sun itself, the sun rotating round an axis. 

That the first conclusion is in the highest degree improb- 
able appears at once. For let FCD (fig. 29) represent the 
supposed orbit of such a body round the sun. 



Fio 29. 

AP and BF are tangents drawn to the sun from the 
observer on the earth; these are almost parallel, as the 
observer is so ’far distant compared with the diameter of the 
sun. Now it is evident that the time during which a body 
moving in the orbit FCD would appear on the sun^s surface 
would be while passing through the arc CDy the time of 
disappearance corresponding to the arc CFD ; therefore, 
assuming that the velocity of the body is uniform, the time 
of appearance would be much less than that of disappearance. 
But observation shows that these two periods are almost 
equal. From this we conclude that the sun rotates round 
an axis. The period of rotation however, somewhat less 
4:han the apparent period of revolution of the spots, as allow- 
ance must be made for the motion of the earth in its orbit. 
The period for the spots is about 27 days, while the sun 
rotates once in 25 i days. 

These spots are darker at the centre than round the 
margins. The dark central portion is called the imbrUy 
surrounding which is the penumbra^ of a somewhat lighter 
hue, apparently composed of radiat ing filaments. Apart 
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altogether from the motion due to the sun’s rotation they are 
observed to undergo changes in their size and shape, and after 
some weeks or months to disappear altogether. The infe- 
rence from these various facts is irresistible.” (I here quote 
Sir Robert Ball.) ‘‘ It tells us that the visible surface of the 
sun is not a solid mass — is not even a liquid mass — but that 
the sun, as far as we can see it, consists of matter in the 
gaseous or vaporous condition.” 

“ It often happens that a large spot divides into two or 
more smaller spots, and these parts have been sometimes 
seen to fly apart with a velocity, in some cases, of not less 
than 1000 miles an hour.” 

In the case of some of the largest spots the umbra has 
been found to subtend an angle of 1' 30" at the eye of the 
observer, which would give a diameter of about 40,000 
miles — about five times greater than that of the earth. 

The Sun a Sphere. 

52. We have seen that the sun rotates round an axis; 
we also know that the shape of the disc which he turns to 
the observer is always circular, for all the diameters, when 
measured in different directions with a micrometer, are 
found to be equal. The sun must therefore be a sphere, as 
no body rotating in the same way as the sun does could 
always present a circular margin unless it were spherical. 

Twilight. 

53. After sunset a considerable time elapses before com- 
plete darkness sets in. We call this interval twilight. There 
is a corresponding interval before sunrise, whiilh we call dawn. 

Twilight is caused by the diffused reflection of the sun’s 
rays from the upper layers of the atmosphere. After the sun 
sets, when his rays, on account of the curvature of the earth, 
can no longer reach us, he still continues to illumine the 
atmosphere or particles suspended therein, which reflect the 
light down to us. 
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Twilight is considered at an end when minute stars of 
the sixth magnitude can be seen in the zenith. Of course, 
atmospheric conditions will alter considerably the interval of 
time after sunset which must elapse before this takes place ; 
but generally stars of the sixth magnitude appear when the 
perpendicular distance of the sun below the horizon exceeds 
18°. Therefore, twilight lads until the perpendicular distance 
of the sun below the horizon exceeds 18°. 

Twilight is shortest at the equator. The student will 
see this at once by referring to the diagram of the celestial 
sphere for an observer at the equator (Art. 20). The sun’s 
diurnal path here cuts the horizon at right angles, and there- 
fore lie takes a very short time to get 18° below the horizon 
On the other hand, for an observer in the British Isles, the 
sun in setting cuts the horizon at an acute angle (which gets 
more acute the further north we go), and therefore he has to 
skim below the horizon a much greater distance, and for a 
much longer time, before his perpendicular distance below the 
horizon reaches 18°. 

54. Twilight at the Worth and South Poles. — At 

the north pole we have seen (Chap. II ) that the sun remains 
for about six months below the horizon, from 23rd of Sep- 
tember until 21st of the following March. He is never, 
however, during that period, at a very great perpendicular 
distance below the horizon, the greatest depth being 23° 28', 
which he reaches on 21st December. However, of this six 
months of so-called night a great portion is twilight, for it 
will not be altogether dark as long as the sun is within 18° 
of the horizon. That the period during which twilight lasts 
will be as great a portion of the six months as 18° is of 
23° 28' we can by no means say, for the sun’s change in 
declination is rot uniform. Assuming, however, that this 
is the case, we would have about four out of the six months 
during which twilight lasts, viz. two months after the 23rd 
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September and two months before the 21st of the following 
March. 

Of course, the above will also apply to the south pole 
during the period when the sun is below the horizon, viz. 
from 21st March till the 23rd. September. 


To find the duration of Twilight at the Equator during the 
Equinoxes » 

55. During the Equinoxes the sun’s diurnal path almost 
coincides with the celes- 
tial equator, which, for 
an observer at the earth’s 
equator, cuts the horizon 
at right angles, passing 
through the zenith and 
nadir. Let S represent 
the sun at sunset (fig. 30). 

Let S' represent the sun 
at end of twilight. 

We have therefore to 
find the interval of time 



POLE 
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Fig. 30 . 

corresponding to SS' dr 18° of his daily course. 


But 360° correspond to 24 hours ; 

As 360° : 18°;: 24^ :a?, 
18x24 


X = 


360 


= 1-^ hours = l'^ 12“ 


56. To calculate the duration of twilight at any place 
we have to solve two spherical triangles, the three sides 
being given. 

For, let S represent the sun at sunset, let S' represent the 
sun at end of twilight. Join 8 and S' to zenith and pole 
by four arcs of great circles. 
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Now, the sides of the A ZPS' are known ; for ZP = 90*^ 


- lat = colatitude; ZS' 
= 90® + 18® = 108®, since 



S' is 18® below horizon, 

andPS' = PZ-S'X = 90® 

- declination of sun. But 
the declination of the H 
sun is known for each 
day in the year from the 
Nautical Almanac ; there- 
fore PS' is known ; there- 
fore by solving we are 
able to calculate the 
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L ZPS\ which is the hour angle of the sun at end of 
twiliglit. 

Similarly, the sides of the A ZPS are known, and there- 
fore we can solve for the L ZPS, which is the hour angle of 
the sun when setting. Subtracting these two angles, we get 
the ^,SP8\ which measures the duration of twilight. Con- 
verting this into time at the rate of 360° to 24 hours, or 15® 
to 1 hour, gives the duration. 

It is obvious that the duration of twilight depends upon 
t/ie latitude of the place and the declination of the sun, for these 
quantities alone are involved in the solution of the above 
spherical triangles. That is, it depends on the part of the 
earth at which the observer is situated, and, even in the same 
place, it varies according to the season of the year. 


57. It is evident that twilight cannot last all night at or 
near the equator, the sun^s diurnal path cutting the horizon 
at nearly a right angle. The question then arises as to 
what are the conditions which must hold, in order that 
twilight may last all night : — 

Twilight will last all night at any place, provided the 
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latitude of the place plus the 
than 72®. 

For let 8 represent the 
sun at midnight when in 
meridian below the horizon, 
then 

PR = alt. of pole « lat’ 
of place = /, and 

SQ=dec\. of sun = S. 
Now PQ = 90°; 
that is, 

/+Si2 + 8 = 90®. 


declination of the sun is not less 



But if twilight just lasts all night, SR - 18® at mid- 
night ; 

.-. /+18® + 8-90®, 

/ + 8 = 72®, 

.•. if /-i- 8 is = or > 72®, 
twilight lasts all night. 

This rule holds when the latitude of the place and the 
declination of the sun are both north or both south. When 
the latitude is north and the declination of the sun south, or 
eice versa, then the condition becomes 

8 not < 72®o 


Examples. 

1 What effect would be produced upon the seasons if the earth’s axis were 
in the plane of the ecliptic or were perpendicular to it P 

2. If the declination of the sun be 10*^, find the lowest latitude at which 
twilight lasts all night. 

Heie / + S = 72% 
or /+10® = 72®; 

^=62°. 
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3. Find the latitude of the place for which twilight just lasts all night when 
the sum’s declination is 16° N. (Degree Bxam., T.O.D.). Ana, 56° N. 

4. How does the duration of twilight at a given place alter with the season 

of the yearf'(S. S., T.C.D ). Ana, See Art. 56. 

5. Determine the limits of the latitudes of places at w^hich twilight lasts all 
night long, when the sun’s declination is 10° 15' N. 

Ana, At lat. 61° 46' and places fuither north. 

6. Find the declination of the sun w'hen twilight begins to last all night at 

Dublin (lat. 53° 20'). Ana, 18° 40' N. 

7. Find the lowest latitude at which it is possible for twilight to last all 

night Ana, 48° 32'. 

8. Upon what does the duration of twilight depend ? 

Ana, The latitude of the place and the 
declination of the sun. 

9. Can twilight last all night at Pans (lat. 48° 60') ? (See question 7 ) 

Ana, Yes, but only for several nights before 
and after the summer solsiice 

10. Show how, by solving a spherical triangle, the time of sunset or sunnse 
can be calculated for any place at a given date. 


Ana, See Art 56. 
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58. We mentioned in a previous chapter that those 
planets which are visible to the naked eye and with which 
the ancients, who were not possessed of telescopes, were 
acquainted, are — Mercury, Venus, Mars, Jupiter, and 
Saturn. 

If the ordinary observer wish to find out whether a 
bright object in the sky be a planet or a fixed star he has 
only to note its position with reference to the neighbouring 
fixed stars ; for instance, it may happen to be in a line with 
two stars, or form an equilateral triangle with them. If, 
after several weeks, the body seei^s to liave altered its posi- 
tion with reference to these fixed stars, it is probably one of 
the above planets. 

Since the invention of telescopes several other large 
planets, with some hundreds of very small ones, have been 
discovered. The names of the planets at present known are, 
in their order, from the sun outwards — 


luferior Plaheta I Mercury ^ 


Superior Planets 


I 


Venus 
Earth 
Mars 
The Asteroids 
Jupiter 
Saturn 
Uranus 
Neptun^ 


Interior Planets. 


I Exterior Planets. 
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Those planets whose orbits lie between the earth and the 
sun are called inferior planets. Those whose orbits lie out- 
side that of the earth are called superior planets. Thus 
Mercury and Venus are inferior planets, whereas Mars, 
Jupiter, &c., are superior planets. 

There are also interior and exterior planets — those whose 
orbits lie between the Asteroids and the sun being interior, 
and those outside exterior. 

The orbits of the Planets cut the Plane of the Ecliptic at 
very small angles. 

59. It is to be observed that, throughout the whole of a 
planet^s path round the sun, it never appears more than 
a few degrees above or below the ecliptic. The conclusion 
from this is obvious — that the orbits of the planets round 
the sun are nearly in tlie plane of the ecliptic, i.e. the plane 
of the earth’s orbit ; in fact they cut the plane of the ecliptic 
at very small angles. 

Definition. — A plaint is said to be in inferior conjunc- 
tion when it comes between 
the earth and the sun, and 
in superior conjunction when 
the sun is between the 
earth and the planet. Thus 
if E represents the earth, 

V will be the position of a 
planet in inferior conjunc- 
tion, and V' in superior 
conjunction (fig. 33). 

A planet is said to 
be in opposition when the 
earth comes between the 
sun and the planet. 'JJhuB M represents the ^position of a 
planet in opposition. 


M’ 




80 


THE PLANETS. SOLAR SYSTEM. [cHAP. VI.. 

It is evident that only an inferior planet can be in inferior 
conjunction, and only a superior planet in opposition. 

By the nodes of a planet are meant the two points where 
its orbit cuts the plane of tjie ecliptic, the plane of the 
earth’s orbit. That point through which the planet passes 
in going from the southern to the northern side of the 
ecliptic is called the ascending node^ the other the descending 
node. 

N.B . — It is evident that if the orbits of the planets were 
in the plane of the earth’s orbit instead of cutting it at small 
angles, it would be possible to see the transit of an inferior 
planet across the sun’s disc each time inferior conjunction 
occurs. But this phenomenon is of very rare occurrence ; for 
although the inferior planets are very often in inferior con- 
junction, they, not being at the same time in the plane of the 
earth’s orbit, will be situated above or below the sun ; and 
when these planets are in the plane of the earth’s orbit,, 
which occurs when they are passing through their nodes, 
they do not happen to be in inferior conjunction. Therefore,, 
the planet must be in conjunction, and at one of its nodes at 
the same time, in order that a transit may occur. 

Definition. — By the elongation of a planet from the 
sun IS meant the angle subtended at the earth by the sun 
and planet. Thus (fig. ri3), the elongation of the planet F 
from the sun is the angle SEP. 

Corollary. — It is evident that the elongation of an 
inferior planet must always be an acute angle. It has a 
maximum value at a point near P, where EP becomes a 
tangent to the orbit of the planet. On the other hand, the 
elongation of a superior planet may have any value from 0^ 
to 180°, reaching the latter value when in opposition. 

The reader should bear this in mind, for it accounts for 
the fact that the superior planets may be seen at all angular 
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distances from the sun, occupying, when in opposition, a 
diametrically opposite point on the celestial sphere, so as 
to cross the meridian at midnight. The inferior planets, 
Mercury and Venus, on the other hand, on account of their 
small angular distances from the sun, can only be seen either 
in the west after sunset or in the east before sunrise, accord- 
ing to their position relative to the earth and sun. 

So small is even the maximum elongation of Mercury 
from the sun that it is only possible to see it with the naked 
eye on very rare occasions, and for a very short time indeed 
after sunset or before sunrise. 


Phases of the Planets. 

60. As the planets are bodies like the earth, not self- 
luminous, but deriving their light from the sun, they can 
have only half their surface lit up at once, the other half 
being dark, just as when we hold a globe up before a lamp, 
the half which is next the light is bright, while the 
half which is turned away from the lamp is in the 
shade. Now as it is plain that, by getting into different 
positions with respect to the globe and the lamp, we can see 
as much or as little as we choose of the half which is lighted 
up, so it is with respect to the planets which show more or 
less of their illuminated surface to us, as they vary their posi- 
tions with respect to the earth and sun. These changes in 
the amount which we see of the illuminated surface of a 
planet are called its phases. It is needless to say that these 
phases cannot be distinguished with the naked eye. 

61. The greatest breadth of the portion of the illuminated 
surface of a planet which is turned towards the earth is proper^ 
tional to the exterior angle subtended at the planet by the earth 
and sun. 

For let PS and PP represent the directions of the 
sun and earth, as seen from P, the centre of the planet. 

Q 
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Then CD, drawn perpendicular to PS, separates light from^ 
darkness. Erect AB yfs 

perpendicular to PE, ^ 

then the angle APD 
will measure the arc 
AD, which is . tSe 
greatest breadth of ^ 
the visible illuminated 
surface, as seen from 
the earth. The angle 
SPE is the angle 
subtended by the sun and earth at P, the angle 8PF being 
the external angle We have to prove the L APD = the 
lSPF. 

The L 8PD = L APE, both being right. 

To each add the L SPA . 

the /L APD = the L SPF, .•. &c. 
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The apparent breadth of the illuminated surface of a planet 
varies as the versed sine of the extenor angle suhteiided at the 
planet by the earth and sun. 

62. We have already seen that the greatest breadth AD 
is measured by the exterior angle 8PF. But the apparent 
breadth of AD will be measured by AM, the projection of 
AD on a line perpendicular to PE, the direction of the 
observer. For the earth being so far away compared with 
the breadth of the planet, we may take all lines drawi^om 
the observer to the surface of the planet as being parallel, 
and each perpendicular to AB, 

apparent breadth varies as AM. 
but AM = r +PM - r + r cos BPD 

= »• (1 + 008 BPD) 

■= r (I - COB APD) = r versin APD 
= r versin 8PF. 
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Phases of Inferior Planets. 

63. Let -4 CD represent the orbit of an inferior planet, 
D being the earth, and & the -sun. We will now suppose the 
eartli to be at rest, and that the planet revolves round the 
sun with an angular velocity equal to the excess of its real 
a^ular velocity over that of the earth * for we will see later 





on, that of two planets the nearer to the sun has the greater 
angular velocity. This, of course, will represent exactly the 
apparent motion of the planet, as seen from the earth. 

When the planet is in inferior conjunction at none of 
its illuminated surface is seen. 

At D a small crescent is visible, its greatest breadth 
being measured by the exterior angle SDD, which is an 
acute angle. 

o 2 
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When the planet reaches its greatest elongation from the 
sun at (7, wliere JE'C is a tangent to its oibit, the exterior 
angle subtended at the planet is a right angle, and the 
planet appears as a semicircle, like the moon at first or third 
quarter. It is then said to be dichotomized. 

At D, the exterior angle, being 180° - is an obtuse 

angle, and the disc appears nearly, but not quite, full. It is 
then said to be gibbous. 

The ,/)/// phase is reached at jP, and the above changes are 
then repeated in inverse order until inferior conjunction is 
again reached. 

Superior Planets^ Phases, 

64. It is evident that a superior planet must always 
appear either full or gibbous ; for as its orbit is outside that 
of the earth, the observer is always on the same side of the 
planet as the sun is situated, and therefore must have all, or 
very nearly all, its illuminated surface turned towards him. 



Fig. 36 


This ^so appears from the fact that the exterior angle sub- 
tended at the planet is always obtuse, and therefore the 
illuminated disc which the observer sees is greater than a 
semicircle. 
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It is easy to see that a superior planet will present the 
emallest portion of illuminated surface to the earth when the 
sun and planet subtend a right angle at the earth ; that is to 
say, a superior planet is most gibbous in quadrature. 

For let Xbe the planet (tfg. 36). Now it is evident that 
the planet will appear most gibbous when the exterior angle 
at X is least, that is, when the angle 8XE is greatest, which 
is the case when XE is a tangent to the orbit of the earth 
(supposed circular). For supposing X to be fixed, and that 
the motion is due to the earth alone, then the elongation of 
the earth from the sun as seen from X, viz. the angle SXJE, 
will be greatest when XE becomes a tangent. 

Brightness of Planets. 

65. The brightness of a planet depends on the amount of 
illuminated surface turned towards the earth and also on its 
distance. For, assuming the illuminated surface to remain 
the same, it will appear brighter the nearer it approaches the 
earth, the intensity of the brightness being inversely as the 
square of the distance. Thus, at twice any given distance it 
would only appear one-quarter as bright ; at three times the 
distance one-ninth as bright, &c. 

The inferior planets are not brightest near superior con- 
junction, for though they are then nearly full they are at 
their greatest distances from the earth : Venus, for instance, 
when at superior conjunction, being about six times as far 
away as when in inferior conjunction ; its disc in the former 
case subtending an angle of only 11'', and in the latter of 66". 
It has been calculated that Venus is brightest when at an 
elongation of about 40° from the sun, near inferior conjunc- 
tion, for although on being viewed through a telescope it 
then only appears as a thin crescent, still, owing ^o its 
proximity to the earth, that crescent appears to have a much 
larger area than even the full illuminated circle which it 
presents at superior conjunction. 
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A superior planet is evidently brightest when in oppo- 
sition, for not only does it then appear full, but it is at the 
same time at its least distance from the earth. 




Fig. 37 . 

Apparent '^izG of Venus at its extreme and mean distanecs from the earth. 


To find the ratio of the distances of an Inferior Planet and the 
Earth from the Sun at any time. 

66. Let Ey V, and 8 repre- 
sent the earth, Venus, and the 
sun, the orbits being supposed 
circular and in the same plane. 

The Z SEV is got by ob- 
servation, and the z ESV hy 
calculation, for it is the angle 
gained by Venus on the earth 
since the last inferior conjunc- 
tion, which can be calculated 
as follows 

Let T = interval between 
two inferior conjunctions, in 

days, and x = number of days since last inferior conjunction ; 
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Venus gains 360° on earth in T days ; 

360° , , 

„ „ 1 day ; 


T 

360° 

T> 


„ a; days; 


.*. the C E8V is known and all the angles of the triangle 
8EV are known ; but — 


8E Bm8rE, 

8F°8iu8Er' 


the ratio of 8E to 8 Via found. 

Similarly the ratio of the distances of a superior planet 
and the earth from the sun can be found, the proof being the 
same, the earth in this case gaining on the planet. 


Definition. — The 'periodic time of a planet or, as it is 
often called, its sidereal period, is the time taken by the planet 
to make one revolution round the sun. 

The synodic period is the interval that elapses between 
two conjunotions of the same kind (both inferior or superior) 
or in the case of a superior planet, between two oppositions. 


To find the Periodic Titne of a PhtM when the 8ynodic Period 

IS known. 


Inferior Planet. 

67. Let P = periodic time of planet expressed in days, 
E= „ „ earth „ „ 

T = synodic period ; 

360° 


and 


P 

360° 


E 

360° 360" 
P ' E 


= L moved through by planet in 1 day, 

“ „ earth „ 

angle gained bjk planet in 1 day, for the 
inferior planet goes at the greater rate ; 
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but •» angle gained by planet in 1 day also ; 

360“ 360“ 360“. 

••• p ~ E ~ T ' 

. i-lLi; 

“ P E T 

but E = 366*26 days, and T being known, P is determined. 


Example. 

The interval between two inferior conjunctions of Mercury is 116 days . find 
its periodic time. 

1 1^1 
P“366 26'“il6’ 

1 _ 481*25 . 

366-25 X 116 ’ 


P = 88 days nearly. 


Similarly for a superior planet we have the formula 

i i_i 

E' P~ t 

the earth going at the greater rate. Thus by noting the 
interval between two inferior conjunctions (or oppositions) of 
a planet we can oaloulate its periodic time, supposing its orbit 
and that of the earth circular. 


Kepler's Three Laws. 

68. Eepler, the Danish astronomer, who lived at the 
commencement of the seventeenth century, first enunciated 
the following laws : — 

I. Each planet moves in an elliptic orbit with the sun 

in one of the foci. 

II. The straight line drawn from the sun to a planet 

(the planet’s “ radius vector ”) sweeps out equal 
areas in equal times. 

HI. The squares of the periodic times of the planets are 
to one another as the cubes of their mean distances 
from the sun. 



keplIir’s laws. 
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Definition. — An ellipse is a plane figure bounded by one 
line called the circumference, 
such that the sum of the dis- 
tances of any point on that 
circumference from two fixed* 
points within it is constant. 

Those two fixed points are 
called the foci* 

Thus (see fig. 39) if jf^and 

be the two foci we have 

+ F'P = = a constant. 

The following is therefore a mechanical method of de- 
scribing an ellipse : — 

Let two pins be taken and fixed into a plane board or 
table, say at F and F^ (fig. 39), and round these let a loose 
endless string be thrown. If now a pencil be taken and, 
keeping the string tightly stretched, let it be carried round, 
occupying successively the points P, Q, P, &o., the curve 
traced out will be an ellipse, the two pins F and P' being 
situated at the foci. ^ 

Kepler’s Second Law asserts that the line drawn from the 
sun to a planet sweeps out 
equal areas in equal times, 
that is, if the times of de- 
scribing the distances AB 
and PQ are equal, then the 
area SAB » area SPQ* 

From this we can conclude 
that the nearer a planet ap- 
proaches the sun the greater must be its velocity, for if we 
regard the arcs AB ana FQ as being described in a small unit 
of time, they, being small compared with the planet^s distance 
from the sun, may be taken as straight lines. Now if the 
distance from S to AB be greater than from S to FQ, the 
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base PQ must in its turn be greater than the base AB in 
order that the two triangles may be equal, and therefore the 
velocity at PQ is greater than at AB. 

Corollary. — As the earth is nearest the sun at mid- 
winter (Art. 46), we now see that its velocity at midwinter 
IS greater than at any other part of its orbit. 

Verification of Kepler^ a Laws. 

69. As regards the earth it can be seen by measurement 
of the sun’s apparent diameter with the parallel wire or other 
micrometer that the orbit is not a true circle, and that there- 
fore the earth’s distance from the sun is not constant, being 
greatest when the angle subtended by the sun’s diameter is 
least. We can now therefore construct the curve which 
represents the earth’s orbit, for if lines be drawn from a 
point 8 (fig. 40), the lengths of these lines being inversely 
proportional to the different angles which the sun’s diameter 
subtends at the earth, measurements of which can be made 
daily, the extremities of these lines will be found to trace out 
an ellipse with 8 in one of the foci. 

Kepler determined the orbit of Mars before that of tho 
earth had been ascertained. He determined the position of 
Mars relative to the earth and sun by a method somewhat 
similar to that in Art. 66, and by this means he arrived 
at the conclusion that the orbit of Mars was elliptic. The 
fact that he considered the orbit of the earth as circular in 
these calculations did not give rise to very serious error, as 
the eccentricity of the earth’s orbit is very small and much 
less than that of the orbit of Mars. 

70. Newton showed that Kepler’s Third Law was a direct 
consequence of the law of universal gravitation which may be 
enunciated as follows : — 

Every particle in the universe attracts every other particle 
with a force directly proportional to the mass of each^ and 
inversely proportional to the square of their distance apart 



CHAP. VI.] 


bode’s law. 


91 


To deduce Kepler^ a Third Law from the Law of 
Qi avitation. 

Let M = mass of the sun. 

Let r and r' be the distances ‘of two planets from the sun 
whose periodic times are Tand T' respectively. Now by the 
law of gravitation the attractions of the sun at distances r 
and f from its centre are in the proportion — 

M M 

But the centrifugal acceleration of a body moving in a circle 
of radius r is given by the equation — 

J - 'jiz 9 

therefore assuming the orbits of the planets circular we have 

M M 47rV 47r V' 

^ ^ • 2*2 • 2^/2 • 

Multiplying the extremes and means we get eventually — 

/ r 

^2 JV2 ~ ^' 22^2 > 

/• 

• 2^^ • 2^^^ • • 

which is Kepler’s Third Law. 

Bode^s Law, 

71. There is a remarkable relation between the distances 
of the different planets from the sun which bears the name 
of the astronomer Bode. Write down the following numbers 
in which each after the first is doubled : — 

0 1 2 4 8 16 32 64 128 
Now multiply by 3 and add 4 to each and we get 
4 7 13 16 28 52 100 196 388 
corresponding to Mercury, Venus,, Earth, Mars, Asteroids, 
Jupiter, Saturn, Uranus, and Neptune. 
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These numbers are approximately proportional to the 
distances of the different planets from the sun, that of the 
earth being 10. There is, however, a serious discrepancy in 
the case of Neptune, which is represented by the number 388, 
whereas to represent its actual distance it should 300*369. 

This law received a remarkable confirmation from the 
discovery of the Asteroids, which consist of a number of 
small planets whose orbits lie between the orbits of Mars and 
Jupiter. They are over 300 in number. Before their dis- 
covery there was no planet known whose distance from the 
sun corresponded to the number 28. However this number 
is found to approximately represent the mean distance of the 
different asteroids from the sun. 

Bode^s Law can be expressed by means of the general 
formula D « 4 + 3 x 2”"\ where D represents the distance 
of a planet from the sun, and n the number of the planet 
beginning with Venus. By giving to n the values 1, 2, 
3, &o., the numbers corresponding to the distances of the 
different planets from the sun commencing with Venus, 
are found to be the same as those mentioned above. 


Mercui y, 

4 


4 

True Distance. 

3 871. 

Venus, 

4 + 3x2° 

es 

7 

7*233. 

Earth, 

4 + 3x2' 

= 

10 

10*000. 

Mars, 

4 + 3x2* 

= 

16 

16*237. 

Asteroids, 

4 + 3x2* 

cs 

28 

22 to 31. 

Jupiter, 

4 + 3 X 2‘ 


52 

62*028. 

Satuin, 

4 + 3x2* 


100 

95*388. 

Uranus, 

. 4 + 3x2® 

= 

196 

191*826. 

Neptune, 

4 + 3 < 2' 


388 

300 369. 


Direct and Retrograde Motion. Statiomry Points. 

72. A planet’s apparent motion is said to be direct when 
it seems to move in the same direction as the sun in the 
ecliptic, and retrograde when it appears to move in a contrary 
direction. In other words, its motion is direct when its 
longitude is increasing, and retrograde when diminishing. 
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As the earth E moves in its orbit in the direction indi- 
cated by the arrow (fig. 41) the sun appears to move as if the 
line ES were rotating round E from right to left in a direction 
contrary to the hands of a watch. Therefore we will, for 
greater clearness, regard a contra- watch-hand rotation round 
E as direct^ and a watch-hand rotation as retrograde^ E being 
supposed fixed. 

An inferior planet moves with greater velocity than 
the* earth (Art. 47) ; therefore when the planet is at inferior 
conjunction the extremity V of the line VE moving with 
greater velocity than E, the line will appear to revolve round 


/ 

6 


Fio 41 

E like the hands of a watch, and therefore the apparent motion 
of. ^jl^lanet at inferior conjunction zs retrograde. At the points 
of greatest elongation P and Q the planet’s own velocity 
will produce no change in its direction, as it is along the 
lines EP and EQ, respectively, but the earth’s motion will 
make the lines EP and PQ appear to revolve in a direction 
contrary to that of the hands of a watch. Hence the planet’s 
apparent motion at P and Q is direct. At any point on the 
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arc P F'Q the motion will appear direct, for both the planet’s 
own velocity and that of the earth will combine to make the 
line joining them revolve round J? in a direction contrary to 
that of the hands of a watch. 

Again, as the planet’s nlotion appears retrograde at F, 
and direct at P and Q, it must pass through two points m 
and at which the retrograde motion is on the point of 
changing into direct or vice versa^ and at which the planet 
does not seem to move. These two positions are called the 
atationaru points, 

A superior planet on the other hand moves with a velo- 
city which is less than that of the earth ; therefore when 
the planet is in opposition at the point M (fig. 41) the 
line UM will appear to rotate round E like tlie hands of a 
watch. Hence the motion of a superior planet in opposition is 
retrograde. 

Again, when the planet is in quadrature at X and Y the 
velocity of the earth will have no effect, as it is in the direction 
of the line joining the observer to the planet. The planet’s 
own motion, however, will cause EX or -BF to revolve round 
E in a contra-watch-hand direction. Hence the apparent 
motion of a superior planet in quadrature is direct. 

Also at any position along the arc XM'Thoih. the planet’s 
velocity and that of the earth combine to cause the line join- 
ing them to appear to revolve with a contra- watch -hand 
rotation, i,e. the planet’s motion will be direct. 

As the planet appears retrograde at M and direct at X and 
F, there will be two points p and q at which the retrograde 
motion is on the point of changing into the direct, and vice 
versa^ these points being the two stationary points of the 
planet. 

Rotations of the Planets round their Axes. 

73. We have already seen that the earth and sun rotate. 
It has also been shown by observing the markings and spots 
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on the surfaces of the planets that most of them, and probably 
all, rotate in the same manner. Mars rotates once in 24^ 37 
so that a day in Mars is almost of the same length as a day 
on the earth. Jupiter takes 9^ 56“^, and Saturn 10^ 29“. 

It is much more diflficult to find the period of rotation of 
an inferior than of a superior planet ; for the latter when in 
opposition can be seen all night, whereas an inferior planet 
only appears as an evening or morning star, and observations 
can only be made at intervals of 24 hours. Now supposing 
that markings are observed on the surface of Venus after 
sunset, it is found that they occupy nearly the same position 
on the following night. From this we might be led to one 
or other of two conclusions — (1) either Venus makes a revo- 
lution on its axis in about 24 hours, or (2) it takes a very 
long period to complete a revolution so that the angle turned 
through in 24 hours would be very small. In either case it 
is evident the markings would not be much changed during 
24 hours. Until quite recently it was believed that the first 
conclusion was true. From observations by Sch^tniL-the 
period for Venus was believed to be 23*^ 21“, and for Mercury 
24^ 5“. Professor Schiaparelli, however, has recently con- 
tended that Mercury and Venus take the same time to rotate 
on their axes as they do to revolve round the sun, the period 
for the former being 88 and the latter 224 days, and that 
therefore they turn always nearly the same face towards the 
sun, just as the moon does to the earth, large portions of each 
being in perpetual sunlight, and other portions always in 
darkness. 

As these planets are only to be seen close to the horizon 
after sunset or before sunrise the changes in the temperature 
and density of the lower strata of the atmosphere render it 
very difficult to observe the markings on their surface with 
sufficient accuracy to determine the exact truth ; but more 
recent observations would seem to show that Schiaparelli’s 
conclusion is, at all events, false in the case of Venus. 
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To prove that the Velocities of Two Planets round the Sun are 
inversely as the square roots of their distances from the Sun. 

74. For by Kepler’s Third Law we have 
: 7”* : ; r® : ; 

but oiroumference of orbit = velocity x time. 

.% 2irr = vT', 

2irr , 

V * 


T = 


therefore we have • (^^') ’ ‘ 






./» » 




17* : f?'* : : r 5 


1? : 1? : : v^r : <s/r. 


•/ • 


Corollary. — Hence of two planets the nearer to the sun 
has the greater velocity. 


76. We shall conclude this chapter with a brief review of 
the different bodies which constitute the solar system. 


Mercury ¥ . 

This is the nearest planet to the sun. Its diameter is about 
3000 miles, being much smaller than that of the earth (©), 
whose diameter is 8000 miles. The orbit of Mercury is much 
more eccentric than those of the other principal planets, that 
is, it does not so nearly approach a circular shape. At one 
time the planet approaches to within 28,000,000 miles of the 
sut, and again in the opposite point of its orbit recedes to a 
distance of 43,000,000 miles. It is also distinguished by the 
great inclination of its orbit to the ecliptic, namely, about 7®. 
Its periodic time about the sun is about 88 days. 
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Venus $ , 

Venus has a diameter almost equal to that of the earth. 
Its orbit also like that of the earth differs but little from a 
circle. The inclination of its orbit to the ecliptic is 3° 23'. 
We have seen how Mercury and Venus being inferior planets 
are only to be seen within certain angular distances on the 
east or west side of the sun, and are therefore morning or 
evening stars ; and also that their discs, when seen througli 
a telescope, show phases like those of the moon. In both 
these planets it has been observed that the line of separation 
of the light from the dark portions is not continuous but 
notched, and also that the horns of the crescents they present 
are sometimes cut off abruptly. This is caused by mountains 
on their surfaces, which have been calculated to rise in both 
planets to heights considerably greater than those on the 
eaith. The periodic time of Venus is 224*7 days. 

Tramits of Venus and Mercury 

76. We have already seen that the transit of Venus or 
Mercury can only occur when the planet is in inferior con- 
junction at or near one of its nodes 

If a transit of one of these planets occur at any time 
another transit at the same node will not occur until the earth 
and the planet shall have each made an exact number of 
revolutions. 

Now 8 revolutions of the earth expressed in days are 
almost equal to an exact number of revolutions of Venus, 
viz. 13, there being only a difference of one day, for 

8 X 365*242 = 2922 days nearly, 

and 

13 X 224-7 = 2921-1 days. 

Hence, if a transit of Venus occur at any time there may 
be another at the same node 8 years afterwards if one has not 

H 
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already occurred 8 years before. There will not, however, 
be a transit 16 years afterwards, as, on account of the above 
difference of one day, the distance from the node when in 
conjunction will be too great. In fact, a transit at the same 
node cannot in this case occur for another 235 years, which 
is the next number of years which corresponds to an exact 
number of revolutions of Venus, for 

235 X 365*242 = 85835 days nearly, 

and 

382 x 224*7 =85835 „ 

The first transit of Venus ever observed was that seen by 
Horrox, in 1639, which occurred at the ascending node. A 
transit at this node did not again occur for 235 years, viz. in 
1874, and again in 1882. Transits at the descending node 
have been observed in the years 1761 and 1769, the next 
occurring in the year 2004. 

Transits of Mercury occur more frequently than tliose of 
Venus, for its periodic time is such that it more frequently 
happens that an exact number of revolutions of the planet 
correspond to an exact number of years. Thus transits of 
Mercury at the same node may happen at intervals of 7, 13, 
33, or 46 years. 

At present the earth in its orbital motion is opposite a 
node of Venus on the 5th of June, and again on the 7th of 
December. Hence, for a very long period of time, transits 
of Venus will occur in December and June. For a similar 
reason transits of Mercury will occur in May and November. 

Transits of Venus are of great practical interest, as their 
observation furnishes the most accurate methods of deter- 
mining the sun’s parallax and distance (Chapter VIE.). 
Transits of Mercury cannot be used in the same manner, as 
its distance from the earth approaches too nearly that of the 
sun to give reliable results. Besides it moves too rapidly 
across the sun’s disc to give time for accurate observations ; 
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and also as its orbit does not so nearly approach a circular 
shape as that of Venus, the ratio of its distance from the 
eun to that of the earth cannot be so easily calculated. 

Maris ^ . 

77. The nearest of the superior planets is Mars. Its 
distance from the sun varies from 127,000,000 to 153,000,000 
miles, and therefore its orbit is much more eccentric than 
that of the earth. If the orbits of Mars and the earth were 
both circular the planet would be closest to us at opposition, 
its distance being then only the difference of the radii of the 
orbits. But the distance of Mars from the sun, as we have 
seen above, is very variable, and that of the earth from the 
sun ohangesfrom 90,600,000 miles at midwinter to 93,500,000 
miles at midsummer. We can, therefore, see how some 
oppositions are much more favourable for observation than 
others. For, suppose during opposition that Mars wore at 
its least distance from the sun, and the earth at its greatest 
distance, the planet would only be distant from us by 
34,000,000 miles, and astronomers would then have the 
opportunity of viewing it under most favourable conditions. 

If we imagine the two points where Mars is nearest to 
and at its greatest distance from the sun to be joined to one 
another, it is found that the earth in its orbital motion passes 
close to this line on August 26, and again on February 22. 
On August 26 the earth passes that point of its orbit which 
is in a line between the sun and the position which Mars 
would occupy when closest to the sun {perihelion ^ ; and on 
February 22 it crosses the line between tlie sun and the 
point in which Mars would be situated when at its greatest 
distance from the sun {aphelion). Therefore if we regard the 
orbit of the earth as being circular (for it is much more 
nearly so than that of Mars), the nearer the date of an opposi- 
tion approaches to August 26, the more favourable are the 
conditions under v hich the planet can be observed, and the 

H2 
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closer that date is to Febniary 22 the more unfavourable is 
such an opposition for accurate observation. 

The periodic time of Mars is about 687 days, and the 
inclination of its orbit to the ecliptic is about 2®. Two small 
satellites of Mars were discovered by Mr. Hall, of Washington, 
during the opposition which occurred on eptember 6, 1877, 
when the planet was very close to the earth, the date of the 
^ discovery being only ten days after the best date possible. 
They have been named Deimos and Phobos,* the former, 
which is the outer, completing a revolution round Mars in 
about 30^ 18“, and the latter in 7^ 39“. As Mars completes 
a revolution on its axis in 24^ 37“, we have in Phobos an 
example of a satellite revolving round the primary planet 
much more quickly than the latter rotates on its axis, a case 
which is without a parallel in the solar system. 

At the beginning of this century a number of very small 
planets were discovered with orbits lying between Mars and 
Jupiter. They are called the Asteroids. There are at 
present considerably over 300, the smaller ones being only 
a few miles in diameter. The four largest are Vesta, Juno, 
Ceres, and Pallas. Their orbits are generally very eccentric, 
some of them being also inclined at considerable angles to the 
ecliptic. 

Jupiter %, 

78. This is the largest of all the planets, its diameter 
being 11 times that of the earth. Its orbit is nearly circular 
like that of the earth, and is inclined to the ecliptic at an 
angle of about 1-^"^. When observed through a telescope, a 
number of bright belts or bands are seen encircling it parallel 
to its equator, which are probably belts of clouds or vapours 

* In Homer Deimoe and Phobos are represented as the attendants of Mars 
The passage in the Ihad 'which hist suggested the names of the satellites has 
been thus constiued by Professor Tyrrell . — 

Mars spake and called Dismay and Bout 

To yoke his steeds, and he did on his hainess sheen.” 

II 15, 119, 120. 
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in its atmosphere. It has five satellites or moons, which may 
be seen with a good field glass. The periodic times of these 
five moons, and their mean distances from Jupiter, satisfy 
Kepler’s third law, which we have seen is true for tlie orbits 
of the planets round the sun. This is true of the satellites 
of all the planets. They are frequently eclipsed when they 
enter the shadow cast by Jupiter on the side opposite the 
sun. An eclipse must not, however, be confounded with an 
occultation wliioh happens when a satellite is in a line with 
Jupiter and the earth so as to be hidden from the observer's 
view. Again, a very curious phenomenon is observed when 
a satellite comes between Jupiter and the sun. The shadow 
cast by the satellite will then be observed as a dark spot 
moving across the face of J upiter, which is indeed a wonder- 
ful sight, illustrating, as it does, the appearance which the 
earth would present if viewed from Mercury or Venus during 
a total eclipse of the sun by our satellite the moon. A transit 
of the satellite may also occur when the satellite is in a direct 
line between J upiter and the earth. 

Saturn ^ . 

79. The orbit of Saturn is also very nearly circular. It is 
inclined to the ecliptic at an angle of about At certain 

periods Saturn when viewed through a telescope presents a 
most wonderful appearance. It is surrounded by a series of 
circular rings which do not touch the surface of the planet ; 
indeed through the interval between the rings and the body 
of the planet fixed stars are sometimes seen. The plane of 
these rings is inclined at a constant angle of about 28° to 
the plane of Saturn’s orbit, and, therefore, they being seen 
obliquely by us, will not appear circular but oval. They are 
supposed to be formed of immense numbers of small satellites. 
They become invisible — (1) when the plane of the rings, 
when produced, passes through the earth, for being very thin 
when the edge is turned towards us, it is not possible to see 
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them exoept*through the most powerful telescopes ; (2) when 
their plane passes through the sun, for they, deriving their 
light from the sun, have only their edge illuminated ; 
(3) when their plane passes between the earth and the sun, 
for their dark surface being towards us it is not possible to 
see them. 

Saturn has, besides, eight satellites, all situated external 
to the rings. The seven nearest move in orbits whose planes 
almost coincide with the plane of the rings, but that of the 
eighth is inclined to this plane at an angle of about 10®. 



Fig 42 — Phases of Saturn’s Rings. 


Uranus y. 

Uranus was discovered in 1781 by Herschel. Its orbit is 
nearly circular, and inclined at a very small angle to the 
ecliptic. Four satellites have been discovered which revolve 
in orbits nearly perpendicular to the plane of the orbit of 
Uranus. 

Neptune ty. 

The discovery of Neptune is one of the most brilliant in 
the history of Astronomy. It was found that the positions 
which it was calculated Uranus should occupy, after making 
allowance for all known disturbing forces, did not coincide 
with the observed positions. It was therefore thought that 
there must be some unknown planet whose attraction produced 
these disturbances. After the most laborious calculations the 
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position which this unknown body should occupy was deter- 
mined at almost the same time by Leverrier in France, and 
Adams in England, in the year 1846. One satellite of 
Neptune has been discovered.' 

Comets. 

80. The solar system includes a number of other bodies 
which differ widely from the planets, both in their physical 
stJI^ and in the nature of the orbits described by them round 
the sun. These bodies are called comets. Comets differ very 
much as regards their shape, and even the shape and size of 
the same comet may change considerably at different parts of 
its orbit ; but we generally find at one end a brilliant nucleus 
surrounded by nebulous matter stretching out into an elon- 
gated tail. The tails of some comets which have appeared 
liave been of enormous dimensions ; that of 1811 had a tail 
23° in length, another in 1843 had a length of 40°, whih* 
that of 1618 extended across the sky through an arc of 104°. 

Comets generally appear suddenly in the sky, remaining 
visible for some weeks, or months, during which time they 
approach the sun with great velocity ; they then recede from 
it, and finally disappear from view. 

The mass and density of comets are extremely small ; it is 
even possible to see faint stars shining through them almost 
as if no material body were interposed between. 

By far the greater number of comets describe orbits of 
such great eccentricity that we may regard them as parabolas 
described round the sun as focus, the other focus being 
practically at an infinite distance. But there are a few 
comets whose orbits, although much more elongated than 
those of the planets, are sufficiently small to be contained 
within the solar system. The motions of these can be cal- 
culated and the dates of their return predicted from knowing 
the magnitudes of the ellipses which they describe. These 
are called periodic comets. 
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The orbits of comets, besides being much more eccentric, 
also differ from those of the planets in that they may be 
inclined at any angle to the plane of the ecliptic ; moreover, 
all the planets go round the sun in the same direction as 
the earth moves, whereas the motion of some comets is direct 
and of others retrograde. 

Periodic Comets. 

81. Halley’s Comet. — Of the periodic comets, that 
known as Halley’s is, perhaps, the most remarkable. It was 
observed that the comets which appeared in the years 1531, 
1607, and 1682 were almost identical as regards the position 
of the nodes, the perihelion distance from the sun, the incli- 
nation of the orbit to the plane of the ecliptic, and certain 
other measurements, from which Halley concluded that they 
were really one and the same comet, having a periodic time 
about the sun of 75 years, and he therefore predicted its 
return in 1758. Clairaut, having calculated that, owing to 
perturbations caused by the attractions of J upiter and Saturn, 
it would be retarded 518 days and 100 days, respectively, 
predicted that it would be closest to the sun, oi;, in other 
words, at perihelion, at about the middle of April, 1759. 
No allowance was made for disturbances caused by the 
attractions of Uranus and Neptune, as these planets were 
not then discovered. It actually appeared at the end of 

1758, and reached the perihelion at the middle of March, 

1759. 

Halley’s Comet has since appeared in 1836, and it may 
be again expected in 1910. One of the previous visits of 
Halley’s Comet was on a very memorable occasion in the year 
1066, the date of the Norman conquest ; the picture of this 
comet is depicted in the Bayeux tapestry. 

Kneke’fi Comet. — This periodic comet is also known to 
describe an elliptic path round the sun. At perihelion it is 
closer to the sun than Mercury ; and at aphelion, at its 



COMETS. 


105 


CHAP VI.] 

greatest distance, it is not altogether as far from the sun as 
Jupiter; so that its orbit is well within the limits of the 
solar system. Its periodic time is about years. The 
motion of this comet has been most carefully observed, and 
the perturbations in its movements due to the attractions of 
the earth and the other planets have been calculated. But 
it is found that after making allowance for all these disturb- 
ing forces, there is still a diminution in its periodic time of 



Fig 43. — Orbits of sonic Pei iodic Comets 


2^ hours in each successive revolution. Encke accounted for 
this by supposing that there exists for a considerable distance 
round the sun a medium which, although of extreme tenuity, 
is still capable of offering sufficient resistance to the passage 
of a body of such small density as a comet as to appreciably 
digiinish its periodic time. 

Non-periodic comets are much more numerous than peri- 
odic. To this class belonged the great comet of 1843, Donati’s 
Ciomet, which appeared in 1858, and tlio comet of 1881. 
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Meteors or Shooting Stars, 

82. In addition to the different members of the solar 
system which we have already enumerated there are an 
innumerable number of minute bodies which are called 
meteors. When these bodies, which move with great 
velocity, impinge on the earth’s atmosphere in a direction 
opposite to that in which the earth is moving, the relative 
velocity is so large that the heat developed by the resistance 
of the air is sufficient to consume them, and they appear as a 
streak of light in the sky. Others, whose relative velocity is 
not so great, on rare occasions, fall to the earth unconsumed. 
These are called meteorites or meteoric stones. The heights 
of meteors have been found to vary from 16 to 160 miles. 

Although it is possible to see many stray meteors on 
almost any night, there are three periods in the year at which 
they occur in very considerable numbers, viz. August 9-11^ 
November 12-14, and November 27-29. 

Radiant Point. — During these August and November 
meteoric showers the apparent paths on the celestial spliere of 
most of the meteors seem to spring from one common point 
called a radiant point. This is merely an effect of perspective. 
For, as we will shortly see, all the meteors which compose 
the swarm through which the earth happens to be passing 
are, for the short period they are under observation, approxi- 
mately moving in parallel straight lines. If now we imagine 
planes drawn through these lines and the observer they will 
cut the celestial sphere in a number of great circles all having 
a common diameter, viz. the line drawn through the observer 
parallel to the common direction of the motion of the meteors. 
This line when produced will cut the celestial sphere in the 
two common points of intersection of all the circles, one 
of which is the radiant point. The radiant point for the 
August meteors is in the constellation of Perseus, and those 
for the two showers which take place in November are in 
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the constellations of Leo and Aiidromeda respectively. Hence 
we have the three showers — 


The Perseids, Aug. 9-11, radiant point in Perseus. 
The Leonids, Nov. 12-14, „ in Leo. 

The Andromedes, Nov. 27-29, „ in Andromeda. 


Connexion beUveen Comets and Meteors. 

83. The meteors which we see dashing into tlie atmo- 
sphere at about the 14th November are believed to be 
portions of a train of an innumerable number of minute 
bodies wliose orbits are almost identical with that of Temple’s 
Comet. The orbit of this comet actually cuts that of tlie 
earth, the eartli arriving each year at the point of intersection 
on the 14th November. There are portions of this elliptic 
belt where these minute bodies are crowded together into 
groups; and on certain occasions, separated by long intervals 
of time, the earth passes through one of these groups or 
shoals, as, for instance, on November 13, 1866, wlien the 
appearance of the heavens, lit up by myriads of meteors, was 
of the most wonderful description. 

As the periodic time of this shoal is 33 years, it was fully 
expected tliat an equally brilliant display would be observed 
m November, 1899. But although a few individual members 
of the band were observed from several places on the earth, 
the result, for reasons which we can at present only con- 
jecture, was very disappointing. 

The showers known as the Andromedes and Perseids can 
be similarly accounted for, the former being due to the fact 
that the orbit of Biela’s Comet cuts that of the earth at a 
point corresponding to November 27. 

84. lilne of Apsides.— Those points where the earth, or 
a planet, in its orbit is nearest to and most remote from the 
sun (perihelion and aphelion) are called apsides. The earth 



108 


THE PLANETS. SOLAR SYSTEM. [cHAP. VI. 

is nearest the sun at the apse A (fig. 44) on the 31st December, 
and arrives at the opposite apse B on tlie 1st July, the line 
AB being called the line of Apsides. Tliis line evidently 
coincides with the major axis of the elli[)se. 

N.B . — The sun’s apparent diameter is greatest when 
the earth is at tlie apse Ay and least when at B. Also 
as observed from two positions E and jE" such that the 
L ASE = /: A8E' the sun will have the same apparent 
diameter, for from the symmetry of the ellipse it is evident 
that the distances SE and 8E are equal. 



Fig, 44 


To lliid the Direction of tlie Ap^e Line. — It might 
at first suggest itself tliat the direction of the line of Apsides, 
could easily be found by noting the position of the sun in the 
ecliptic when its apparent diameter is least or greatest. It is, 
however, very difficult to tell when this occurs, as the apparent 
diameter remains very nearly constant for some time before 
and after the earth’s passage through the apse. The follow- 
ing is the method employed: — 

When the earth is at E some considerable time before 
the apse is reached the sun’s apparent diameter is measured 
and its position in the ecliptic noted by calculating its longi- 
tude. Tlie longitude is again noted when its angular diameter 
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measures the same as before^ the earth being at The 
mean of these two longitudes will give the point on the 
ecliptic occupied by the sun during the eartli’s passage 
tlirough the apse, the line joining this point to the earth 
giving the direction of the line of apsides, 

mow Motion of the Apse liine. — By observing the 
position of the apse line for a number of years it is found 
that it has a slow direct motion in the plane of the ecliptic at 
the rate of 11 ’25" each year. 

85. I^eiigths of the Seasons. — If P and Q represent 
the positions of the earth at the two solstices, a perpendicular 



Fl(r 45 

XT erected at 8 to PQ (fig. '44) will give the positions 
X and Y of the earth at the vernal and autumnal equinoxes 
respectively. Tlie orbit of the earth is thus divided into the 
fou. arcs XQ, QY, YP, and PX, corresponding to the four 
seasons. Spring, Summer, Ahtumn, and Winter, respectively. 

The four seasons aie unequal in length, spring and 
summer lasting from 2 1st March till the 23rd September, 
being about 8 days longer than autumn and winter, which 
last from the 23rd September till the 21st of the following 
March. This inequality can very easily he exiilained from 
Kepler’s Second Law, thus • — 

Let AB renresent the line of solstices (fig. 45), which for 
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1 0^" ^ 

simplicity is supposed to coincide with toe ajse lin e, X Y being 
the line of equinoxes, and CD the axis minor of the ellipse^ 
i.e, perpendicular to -^45 erected at 0 the centre of the ellipse 
Now since CD bisects the area of the ellipse we have — 
area CBD = area CAD ; 

. area CBD is > area XA Y ; 

. portion area XB F is > area XA Y 


X lj » . • vt./t// nvv! V uix^ui UJL.JLJ i. xo ^ ax\jai jl ji' / ^ t 

\ ^ 01 1 i 

But since equal areas ar e describ ed in equal times, it ' v 

follows that the combined length of spring and summer is 

greater than that of autumn and winter. 

The lengths of the four seasons are as follows * — 

Spnng Summer. Autumn Winter 

92^20f miSi\ 89^ 


■lh’7; 


/) 


Ecmitncity of the Ea rMs Of h it. 

86. Beflnltion.—The ratio of the distance of the centre 
^ of the ellipse from the focus to the semiim^maj.Qr is called 
the eccentricity. Thus — 

Eccentiicity E = — (fig 45). 

We can express the eccentricity of the earth^s orbit in 
terms of the greatest and least apparent diameters of the sun. 
For, since QS 7 = i {SB - SA), 

OA = i (SB+SA); 

SB - SA 


E = 


BB + SA 


But SA and SB are inversely proportional to the apparent 
diameters of the sun at A and B respectively Therefore, if 
d and cT represent these diameters, we have 

rf 

Therefore the eccentricity of the earth’s orbit is equal to the 
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difference between the greatest and least apparent diameters of 
the sun divided by their sum. 


Kxample.'-’The greatest apparent diameter of the sun 
being 32' 36" and the least 31' 32", calculate from this the 
eccentricity of the eartli^s orbit. 


Here 


d-d' 1956- 1892 
+ 1956 + 1892 


60 


nearly. 



General Examples. 


^ 1. A planet is fonnjl to have an elongat ion from the sun of 160° Is it an 

inferior or superior pja/iet ? Ans Superioi (Corollary, Art 69) 

^ ^ ^ 2. A planet is found to be m o uadyatur e Is it infenoi or superior ? 

^ ^ Ans Superior 




3. Two planets are observed through a telescope One appeals as a thin 
I ^ cjyisftent, theothei appears dipho^om ized State whether they aie infeiior or ^ 
\J , supenor planets Ans Both infenoi (Ait 64) 


i/’ 4 If the extauor-Aftgle at a planet formed by lines drawn from the eaith 
^ ^ and sun be 120°, find what part of the hemispheie which is turned towards the 
earth is illuminated Ans. Jrd (Art 61) 


6. In question 4 find the ratio of the appatent breadth of the visible illu- 
minated poition at its widest part to the appaient diameter of planet’s complete 
disc (Alt 62) 

J-Yf 


Here 


apparent breadth r versin 120° _ r (1 -cos 120°) r (I + J) 3^ __ 3 
diauietei of planet 2r 2t 2» 4r 4 


6 Find what should be the radius of a planet’s orbit in order that its 
greatest elongation from the sun, as seen from the eaith, should be 30°, assum- 
ing the distance of the earth fiom the sun as 92,000,000 miles 

Ans 46,000,000 miles 

7. Calculate approximately in miles per second the velocity of the earth in 
Its orbit (J. S , T CD) 18 3 

8 If there be 378 days between two succes sive opnositio ns of Saturn , find ^^0 
the length of Saturn’s year (Degree, T C. D ). 


Here 

and solvfng, we get 


366 2«“ J*” 378 *^'*’ 

P= 10828-6 days, 
= 29*6 years. 
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The periodic time of Mercury being 88 days ; find the interval between 
} two sufioeesive inferior conju^otioai of this planet. 

and solving, we get Te 115*9 days. 

10. Assuming the mean distance of Venus to be *72, that of the earth being 
unity, apply Kepler’s Laws to find the periodic time of Venus. 


Heie, by Keplei’s Tliinl Law, we have 

r r2 

or P (365 25)2 . (. 72 ) 3 . { 1 ) 3 ^ 

. • T= v/(365 25)' X ( 72)1 = 223 days nearly. 

11 Assuming the distances of the different planets from the sun ns given 

by Bode’s Law, calculate from this the penodic time— ( 1 ) of Mercury, ( 2 ) of 
Saturn. Ans (1)90 11 days, 

(2) 11650 3 days 

12 Supposing a planet were to revolve round the sun at a distance of half 
a million miles, find what should be its pei iodic time. 

Ans 3J houis neaily 

13. Why do comets move with much greater velocity when at peuhelion J 
than at other parts of their eccentric orbits? (Kepler’s Second Law) ' 

V 14. The two aalclht^s of Mars have penodic times, which are about 30 
hours and 7 ^ hours respectively , find the ratio of then mean distances from 
Mars 


Since Keplei’s Laws apply to the motions of the satellites, we have.— 


jn ft 1 3 ^ 3 . 

that is, (30)2 ( 71 ) 2 . 

or 4^ 12 : r* 

. ^16 I 1 .r 

Hence their mean distances from Mars aie in the latio of 
.^16 to I or 2^2 tol. 

15 The velocity of Mercury in its orhit is 30 miles per second , hence calcu- 
late the velocity ot Saturn 

Here, v v' \/ r' \/>, 

or, 30 v' >\/ 100 * a/ 4 (Bode’s Law), 

or, 30 v' 10 2 , 

» . 10 v' = 60 , «)' = 6 miles per second 

16 Why was September 6 , 1877, when the satellites of Mais were dis- 
covered, a date particularly favourable tor observing that planet ? (Art. 77.) 
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Neptune, . . ^ 300*6 165 „ 367 5 „ 46 3i 1° 47' 
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CHAPTER VII. 

PARALLAX. 

87. Definition.— B* the diiirhal parallax of a heavenly* 
body is meant the angle ^btended at the body by that radius 
of the earth which is drawn 
to the observer. 

Thus, if C be the centre 
of the earth, 0 the observer, 
the parallax of the body 
M is the angle subtended 
by CO at J/, viz. the Lp, 

The fixed stars are so 
very far away that we may 
regard the lines joining 
one of them to the observer 
and to the centre of the 
earth as being so nearly 
parallel that the parallax is 
practically zero. To illus- 
trate how small this angle becomes, let the reader take a 
marble one inch in diameter, and try to imagine what 
angle its radius could subtend at a point, say 1000 miles 
awjEiy. The most delicate instrument we possess would b© 
unable to measure it ; and yet this angle is more than one 
hundred times as great as the angle which the radius of the 
earth could subtend at even the nearest fixed star. 

The planets, however, as well as the sun and moon, are 
comparatively so near us that this difference in the direction 
of the lines drawn from a point on the surface and from 
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the centre of the earth to the planet is large enough to be 
measured. 

Also the directions in which these bodies are observed 
from any two positions on the earth’s surface are not exactly 
the same. All observers therefore, wherever situated, reduce 
their observations to what they would be if situated at the 
centre of the earth. This reduction is what is- called the 
corxj^ion for 'parallax. The declin^ions, rig ht a scensions, 
&o., of bodies which we see noted in the N auticaj^Aitacm^c 
are those which they would have if seen from the centre of 
the earth. 

JDefiiiltlon. — The horizontal parallax is the parallax of 
a body when on the horizon. Thus, if the body M be 



horizon of the observer O, the P is the horizontal 
parallax. 

88 . The eiOTect of Parallax on a heavenly body is 
to depress it in the heavens. 

For, if 0 be the position of the observer (fig. 16), then 
OZ, the production of the radius drawn to O, is the direction 
of the zenith, and the z. z is the zeuith-distaroe of the body 
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M as seen from 0. Also the Z s' would be its zenith distance 
if the observer were at the centre of the earth ; 
but Zz == zs' + Zjo; 

that is» 

apparent zenith distance = true zenith distance 
+ parallax ; 

therefore, as seen from 0, the body appears lower down in 
the heavens than if seen from (7. 


To find the parallax of a body for a given zenith diatance. 


a = radius of earth (fig. 46), 

D = CM = distance of body. 

Since, from Trigonometry, we know that the sides of the 
COM are as the sines of the opposite angles; 

Binp a 
‘‘‘ 8 in( 180 -s) 

sin p a 

_ • 


a . 

sin^=^sin2; 

but p being in all oases a very small angle, therefore sin ^ = 
(expressed in circular measure) ; 


a . 


When the body is on the horizon z « 90®, and p becomes 
the horizontal parallax P ; 


P = Jsin90° 


a 

D' 


therefore substituting, we have 

= P siu s, 

or, parallax » horizontal parallax x sine of apparent zenith 
distance. 
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Hence the parallax of a heavenly body varies 
as the sine of its apparent zenith distance. 

As sin 2 is a maximum when z = 90®, we see that the 
parallax is a maximum when the body is on the horizon. 


Examples. 

1. Supposing the sun’s observed altitude to be 60*^ and the parallax 4'' *4, 
:find his true altitude. 

Here, since parallax depresses a body, 

true altitude = observed altitude + parallax : 

therefore true altitude = 60° + 4"*4 = 60° O' 4" 4 


2. Given the moon’s horizontal parallax as being 67' b", find its true 


altitude corresponding to an observed altitude of 60°. 
Here p=P8mz and « =90°— 60°= 30°; 

p = (67 6'0 sin 30° = (57' 6")i = 28' 33"; 
Ihei efore true altitude » 60° 28' 3 3" . 


3. The sun’s horizontal parallax being 8"* 8, find the true zenith distance 
corresponding to an observed zenith distance of 60° 

Here p = Psin 

or p=8''-8sin60'’=8"-8x'!!3 =,7"'6; 

2 

therefore true zenith distance = eO” — 7"‘6 = 59° 69' 62"*4. 


Given the horizontal parallax of a body, to find its distance, 
and vice-versa. 

We have just seen that -P = ^> but P is expressed in 

circular measure. Hence, if expressed in seconds, we 
have 5 — 

F' ^a 

206265" D' 
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Examples. 

1. Given that the moon’s horizontal parallax is 57' 6" ; find its distance 
from the earth, the earth’s radius being 4000 miles. 

Jns, About 240,000 miles. 

2. The sun’s horizontal parallax being 8"*8, find its distance from the 

earth. uins About 93,700,000 miles. 

3 The moon’s distance being 60 times the earth’s radius, find the moon’s 
honzontal parallax. 

Here - ^1 . = 1, 

j / 206265" D 60 ’ 

•. P=67M7". 

89. The displacement of a heavenly body due to parallax 
like that from refraction is in the direction of the vertical 
drawn through the body. Hence the Qjsimuth of a body is 
not affected by either parallax or refraction. We have seen, 
(Art. 39) that refraction does not depend on the distance 
of the body from us, for the rays only get bent on their 
entrance into the atmosphere; the parallax, however, becomes 
less the greater the distance of the body, the moon’s hori- 
zontal parallax being about 57', while that of the sun, which 
is much further away, is only about 8", and the fixed stars^ 
are so remote that their parallax is zero. All bodies ex- 
cept the moon are much more elevated by refraction than 
depressed by parallax. For instance, horizontal refraction 
amounts to about 34', whereas the sun when on the horizon,, 
as we have seen above, is only depressed by parallax through 
about 8". For the moon, however, parallax is much greater 
than refraction ; hence the combined effect of both in this< 
case produces a depression. 

To find the Angle which two dM^Lplam^on the Earth^s SurfacCy 
nearly in the same Meridian^ subtend at the Moon or a 
Planet. 

90. Let A and B be two distant places on the earth, as^ 
nearly as possible in the same meridian (Greenwich and the 
Cape of Good Hope are favourably situated for the purpose) i 
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If represents the moon or planet when in the meridian of 
A and B Let a fixed star he observed from A and B, vi 
nearly the same part of the heavens as IT, so that their right 
ascensions and declinations differ very slightly. The lines 
joining A and B to the star are nearly parallel, the star 
being so distant. 





Fig. 48. 


The angles a and |3, the angular distances of the star 
from iff, are measured at A and B respectively by means of 
micrometers; but 

and Z. ^ = Z a by parallel lines ; 

and a and fi being known, 0 is determined. 

If the two places A and B are not in the same meridian, 
then the two observers, not making their measurements at 
tlie same time, a correction must be made for the small dis- 
tance moved by the moon or planet (owing to the orbital 
motion) in the interval between its passages over the two 
meridians. 


To find the Horizontal Parallax of the Moon or a Planet, 

91. Two positions A and B (fig. 49) are chosen as before 
on the same meridian of the earth in the northern and 
southern hemispheres respectively. The meridian zenith 
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distances of the moon or planet M are then measured 
simultaneously by means of the meridian circle. Let these 
z and the lines OZ mi OZ' being the directions of the 



Fio. 49 

zenith at A and B respectively ; also let P be the horizontal 
parallax. Now (Art. 88) we have— 

~ sm s = P Sin s, 
and / = ^ sin !s' = P sins'; 

p’k-p' (sin s + sin s') ; 

p_ . 

sin s + sin s' * 

but JD + p' is known, being angle subtended at ilf by ^ and B 
(Art. 90), and z and s' being observed, the horizontal parallax 
P can be found. This method is free from any serious 
errors due to refraction, for in Art. 90 the moon and fixed 
star are nearly in the same position in the sky, and therefore 
almost equally affected by refraction, and therefore the value 
olp -v p is got with great accuracy 
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The above result for the horizonUl parallax can be put iu 
another form. For, draw the equator jEQ, and let I and t be 
the latitudes of A and B respectively ; 

L ZOQ = I, and L Z'OQ « 
but (Euclid, I. 32), 

z s + z. 2' = z. ZOM + lZ' OM + ip 
or 2 + s' = / + /' + jt) + : 

p + p ' = 24-2'-/-/'; 

by substitution p = { — i. 

8iu« + sin 2 

It is not possible to determine the sun’s parallax in this 
manner, for, owing to the iqt^gity of his rays the neighbour- 
ing stars cannot be observed. It can, however, be calculated 
indirectly. For, let the parallax of Mars when in opposition 
be observed by the above method, from which the distance of 
that planet from the earth can be found (Art. 88), this dis- 
tance is the difference of the distances (r and /) of Mars and 
the earth from the sun or r - /. But the ratio of r to r' 
is known from Kepler’s Third Law ; hence we can solve 
for / the distance of the earth from the sun, and the sun’s 
parallax is determined by Art. 88. 

But the most accurate methods of obtaining the sun’s 
parallax, and hence his distance from the earth, are from 
observations of the transit of Venus across his disc (Art. 76), 
as follows : — 


Belisle’s Method of finding t^ Parallax, 

92. Two stations A and B (fig. 60) are chosen, both 
near the earth’s equator, but separated as far apart as pos- 
sible, the circle AB being the equator of the earth. Let 
us now suppose, in order to simplify the explanation, that 
the sun and the orbit of Venus FF' are in the plane of the 
equator AB, I)raw tangents AB and B8 to the sun. 
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, The observer at A notes the instant at which iijtfirnal 
contact takes place, which occurs when Venus is at F, 
touching the line AS internally, a similar observation is 
made at internal contact occurring wlieu Venus is at F'. 



Fig. 60. 


The time of each observation is reduced to Greenwich 
time, which corrects for the difference in longitude of A 
and jB. The difference of the two results will give the 
interval of time during which Venus appears to move round 
the sun through the angle VSV\ (The reader must 
remember that we are supposing the earth to be at rest, 
and that Venus has an angular velocity round the sun equal 
to the excess of its real angular velocity over that of the 
^ earth.) But the rate at which the angle FSF' is described 
is known, being in each synodic period : we can therefore 
^ calculate the angle VS V' or ASB,* Thus, knowing the angle 
which two distant places on the earth^s surface subtend at 
the sun, we can calculate the sun’s horizontal parallax as in 
Art. 91, and hence his distance from the earth. 

In actual practice a great many difficulties have to be 
met, the principal being the inclination of the orbit of Venus* 
to the ecliptic. 


The point S is here taken ns practically coincident with the sun’s centre. 
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In**Delisle’s method the longitudes of the places have to 
be very accurately known. In the following method, pro- 
posed by Halley in 1716, it is not necessary to know the 
longitudes of the places, as only the duration of the transit 
is observed at each place, the fact that the clocks indicate 
different hours being of no consequence. 

Halley^ 8 Method or the Method of Durations. 

93. In this method the duration of the transit is observed 
from two places A and B on the earth, separated as far 
apart as possible, one in a high northern and the other in a 
high southern latitude so that there may be as large a dif- 
ference as possible in the observed length of time during 
^hich the transit lasts, as seen from the two places. 



Liet V represent Venus, the plane containing Ay By and 
V being the plane of the paper, while the reader must bear 
in mind that the plane of the circle, of which 8 is the centre, 
and which represents the sun’s disc, is at right angles to this 
plane. To an observer at Ay Venus, in her apparent motion 
in the direction indicated by the arrow, will appear to cross 
the sun’s face in the direction cdy and to the observer at B in 
the direction aby the time occupied being noted in each case. 
But the rate at which Venus appears to cross the sun's face 
can be calculated (Ex. 4, p. 126), being at the rate of 4" in each 
minute of time, we can therefore, by a statement in simple 
proportion, calculate the number of seconds in ab and cd 
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respectively, very much more accurately than if measured by 
a micrometer. Therefore the halves of these chords, viz. eh 
and fd are known in seconds. But the sun’s semidiameter 
sh or sd is also known in seconds ; therefore we can find the 
number of seconds in se and s/, for we have approximately, 
by Euclid (I. 47), 

also sd^ - df. 

Knowing se and we find, by subtraction, the number 
of seconds in ef. 

Again, the number of miles in ^can be found from know- 
ing the number of miles between the two stations A and 5, 
for, regarding the two triangles A VB and as similar, we 
have 

^ ■ efiABiiTfiAV. 

But the ratio of F/ to AV can be found (Art. 66), 
being 723 to 277 ; therefore ef in miles is known. Lastly, 
knowing c/in miles and the angle in seconds subtended by it 
at the earth, the distance of the sun can be found thus 

ef c/in miles 
206265 ” sun’s distance’ 

and consequently his parallax is determined. 

To find the Radius of the Moon in Miles, 

94. Having shown how to determine the parallax of the 



moon^ sun, or a planet, we can calculate the radii of these 
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bodies in miles by a comparison with the radius of the* 
earth. 

Let r = .radius of earth. 

/ =* radius of moon, or other body. 

P = moon’s horizontal parallax = earth’s angular 
semidiameter as seen from the moon. 

P' = moon’s angular semidiameter. 

Now - = P (in circular measure), 

S ^ ^ = P' (in circular measure) ; 

> G 

c; ^ ' /. r : / : : P : P', 

or (radlas of earth) : (radius of moon) : : (moon’s 
parallax) : (moon’s semidiameter). 

Examples. 

1. Taking the moon’s hoiizontal parallax as 51% and its angular diameter 
as 32', find its radius m miles, assuming the earth’s radius to be 4000 miles. 

Here moon’s seruidiameter = 16' , 

4000 : / . * 67' : 16' ; _ 1^23 miles 

01 

2. The sun’s horizontal parallax being 8" 8, and his angular diameter 32',. 

find his diameter in miles, 872,727 miles. 

3. The syjjpdiQ^ period of Venus being 584 days, find the angle gained in 
each minute of time on the earth round the sun as centre. 

Ans, 1"*64 per minute. 

4. Find the angular velocity with which Venus crosses the sun’s disc, 
assuming the distances of Venus and the earth from the sun are as 7 to 10, aa 
given by Bode’s Law. 

Since (fig. 50) SV: VA : : 7 : 3. But SVhas a relative angular velocity round 
the sun of 1"*54 per minute (see Example 3) ; therefore, the relative angular 
velocity of A V round A is greater than this in the ratio of 7 . 3, whidl gives an 
approximate result of 3" *6 per minute, the true rate being about 4" per mmute. 
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Annual Parallax* 


'(''a 


95. We have already seen that no displacement of the 
observer due to a change of position on the earth’s surface 
could apparently affect the direction of a fixed star. How- 
ever, as the earth in its annual motion describes an oibit of 
about 92 million miles radius round the sun, the different 
positions in space from which an observer views the fixed 
stars from time to time throughout the year must be sepa- 
rated from one another by very great distances indeed/ 
For instance, any two diametrically opposite points in the 
orbit of the earth are separated by an interval of about 184 
million miles, the earth proceeding from one of these points 
to the other in about six months. We should therefoie 
expect that, when viewed fiom two points separated hy 
such a distance as this, the fixed stars should not occupy 
exactly the same position with respect to one another, 
those which are nearer the earth being more displaced than 
those further away. This is to a certain extent quite true ; 
but to such vast depths are the fixed stars sunk in space, 
that only in the case of some of those nearest to us can any 
\ ^ appreciable displacement be detected ; or, in other words, a 
base line of 184 million miles is much too small a distance to 
take in an attempt to measure the distances of by far the 
greater number of these bodies. 

Owihg to the small displacements in the apparent direc- 
tions of some of the fixed stars, due to the earth's changes 
of position throughout the year, we refer their directions on 
the celestial sphere to what they would have if viewed from 
the centre of the sun, which is fixed. This direction, as 
seen from the centre of the sun, being called the star’s h^lw-’ 
direction, the correction, which must be applied to 
reduce the apparent or geocentric to the heliocentric direction 
being called the correction m annual parallax, 

I aX 



CHAP. VII.] 


ANNUAL PARALLAX. 


127 


Definition. — The annual parallax of a star is the angle 
subtended at the star by the line joining the earth and sun. 
TIius, if E represent the earth, H the sun, and S a star, the 
annual parallax of S is the angle subtended at 8 by EH 
the angle p 



Fig 53 


96. The law according to which the annual parallax of a 
star should vary can be deduced by a method similar to that 
applied to the diurnal or geocentric parallax of the moon or 
planets. For 

sin JO r 

sin E d ^ 

r . _ 

.• sin JO = - sm El 
d 

but p being small, sin p =p (in circular measure), 

T 

jo^-sinjE; 

Of 

therefore, the annual parallax varies as the sine of the 
angular distance of the sun from the star. 

It IS evident that the parallax of a star is a maximum 
when E = 90°, \/hich happens twice a year for each star. 
Let P represent this maximum value, and we have — 

P = ~sin90°=~; alsojo = PsinjE'. 
d d 

N.B , — Grenerally speaking, by a star's parallax is meant 
this maximum value of the parallax, unless otherwise stated. 
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As P is expressed in circular measure in the above 
formula ; therefore, when expressed in seconds, we have— 

P" r 
206265 “ / 

Thus, when the parallax of a star is known, we can deduce 
its distance from the solar system as r the distance of the 
earth from the sun is known (Art. 92). In the following 
questions, r may be taken as 92 million miles. 


Examples. 


The parallax of a jCmtam% being 0"*8, find its distance from the solar 


system. 


T 


Here 


’8" 92000000 


206265 d 
92000000 X 206265 


•8 


— miles. 


2. Supposing the parallax of a star to be 0" 2, find how long a ray of light 
would take to travel to the earth, being given the velocity of light as 190,000 
miles per second. Am, 16 years nearly. 


^be effect of annual parallax on a star is to 
eanse It to appear to move In a small ellipse 
throughout the year. 

— 97.' Eor as each displacement of the earth in its orbit 
produces k corresponding small displacement in the appa- 
rent position of the star in the sky, the star will therefore 
seem to describe a small yearly orbit round its heliocentric 
position (which is fixed) parallel to the plane of the earth’s 
orbit. If now we assume the earth* s orbit to be circular^ we 
will consider the effect of parallax on a star, according as it 
is situated--(l) near the pole of the ecliptic, (2) on the 
ecliptic, (3) at any point of the sky. 

(1) If a star be situated in the pole of the ecliptic, the plane 
of the small arc which we may suppose it to describe being 
at right angles to our line of sight will, when projected on 
the celestial sphere, still appear circular. 
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(2) If situated on the ecliptic, it will appear to move back 
and forward along the ecliptic in a straight line, this being 
explained by the fact that a circle seen edgeways appears 
as a line. 

(3) If situated in any other part of the sky, the apparent 
path throughout the year will appear as a diminutive ellipse, 

/ as a circle seen obliquely will appear elliptic. 

To determine the Annual Parallax of a Star— Bessel* s 
Method, 

j 

98. Bessel’s method, otherwise called the di fferentia l 
9 metho d, consists in choosing a very faint star very close 
the star whose parallax is sought. Being very faint, it is 



Fio. 64. 


presumably much further away than the star in question ; 
and we may, therefore, assume that its own parallax is so 
very small that any changes which take place throughout 
the year in the angular distance of the two stars from one 
another must be due almost entirely to the parallax of the 
near one. The actual measurement of these changes enables 
us to determine the annual parallax. 

The faint star is chosen very close to the star. 


K 
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whoBe parallax we want, in ord^ that botl^nay be equally 
affected by errors due to refraction^ aherrdkion^ &o., so that 
we have not to correct for these errors. The following will 
illustrate the method employed : — 

Let A and B be two diametrically opposite points in the 
earth’s orbit. AS and 2^i8(fig. 54) are the directions of the 
star S^ as viewed from A and B\ and AS' and BS' the direc- 
tions of the faint star, these lines being taken as parallel, 
owing to the much greater distance of S', Ay B, S, and S' 
are supposed in the same plane. 

At A the observer measures, by means of the micrometer 
or heliometer, the angle a between S and S'; and again at By 
six months afterwards, he measures the angle /3. But by 
Euclid (i. 32), we have — 


= + jL Of 

but (ihy parallel lines ; 

c*. z/3 = z<i + Z0; 

•*. /.0*=Z/3“-Z.a; 


but a and /3 are known, therefore 0 is determined ; and 
6 being the angle subtended by the diameter of the earth’s 
orbit, is twice the annual parallax which can therefore be 
found. 

J^.B , — The reader can compare this method with that 
employed to find the angle subtended at the moon by two 
distant places on the earth's surface (Art. 90) by means of 
which the moon’s diurnal or geocentric parallax was deter- 
mined. 

Strictly speaking, the lines AS and BS' have some 
inclination to each other; therefore, the error to which 
Bessel’s method is open is, that it determines not the 
parallax of the near star, but the difference in parallax 
of the two stars ; hence the parallax of a star thus deter- 
mined is always too small, but never too great, and 
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therefore the distaoce of a star from us is found to be 
greater than is actually the case. 

Bessel, by this method, first measured the parallax, and 
\r)') hence the distance of 61 Cygni m tlie year 1838, and in 
the following year that of a C^jSLun was found. 

Instead of measurements with the micrometer, photo- 
graphy is now being very successfully employed in noting 
the changes in the angular distance of the two selected 
stais fiom one another. 


Absolute Method. 

99. This method consists in measuring the star’s right 
ascension and declination when in the meridian at different 
^ times througiiout the year, and alter making, with as much 
^ accuracy as possible, all the corrections for precession, 
mitattoii, &c., the different results are compared together 
when any small differences which they may show give 
sufficient data to calculate the annual parallax of the star. 


Examples. 


1 (a) Where must a star be situated so as to have no displacement due 
to parallax , (J) where must it be situated so that ftie effect of parallax may be 
greatest 

jim. (a) In a line with eaith and sun. 

(^) At an augulai distance of 90° from sun 


/ 


) 2. If the parallax of 61 Cvgp i be 0" 5, find tlie parallax of a star which is 
' ten times as far away from our solai system Jm 0" 06 


3. The parallax of a Centauri being 0^' 75, compare its distance with that 
of 61 Cygui, whose parallax is 0" 6. 

Jns. (dist a Centauri) : (dist. 61 Gygni) : . 2 . 3 


find the Annual Parallax of Ju/j^er. 



100. As the distance of Jupiter at opposition is more than 
four times as great as that of the sun, its^ diiirna]^piy:allfl^x 
is therefore very small, so that it is not possible to observe 
K2 
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it with the same degree of accuracy as in the case of Mmi-s 
(A rt. 91), annual parallax, however, may be found 
thna: — 


/ Let 8f JEy and J represent the sun, earth, and Jupiter, 
respectively when Jupiter is in qujdxature, i.e, when the 
angle SEJ is a right angle. Again, let S, E\ J' be their 
positions when Jupiter is again in quadrature, the earth 
having moved through EE' and Jupiter through JJ\ 




Fig. 65. 


The number of days between the two observations being* 
known, we therefore know the lESE^ described by the 
earth in that time. Similarly, we know the z JSJ\ There- 
fore, the za, which is half the difference of these two angles 
(the two triangles SEJ and SE'J' being equal in every 
respect), is known. 

' But the angle a is the complement of the z 8. Therefore 

V 0 is found ; that is, the angle subtended at Jupiter by the 
radius of the earth’s orbit is known. 

r r 

^ ’ D’ sinfl’ 

which determines the distance of Jupiter, 

This method also applies also to any planet outside the 
orbit of Jupiter. 

It can be easily shown that if T represent the synodic 



CHAP, vn.] EXAMPI.E. 133 

period of Jupiter, and Q the interval between its eastern and 
western quadratures, the annual parallax 


90‘ 




^60° Q 

for — = L gained by earth on Jupiter in Q days ; 

r.xn 360°Q 180°Q 

(fig. 55) 2a= -y ; a = -y- ; 

annual parallax 6 - 90® - ^ = 90°^1 


Exampi.e. 

The itttfirval between eastern and western quadratures of J upiter is 176 day.i, 
•and between two oppositions 400 days ; find the annual parallax of this planet, 
I Jns. IV 16'. 
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CHAPTER J 

DETKRM^lNAl'lON/tr THE FIRST POINT (^RIES. 

NUTATION, AND ABE^ATIOr{,^^^ 

101. The first point of Aries being the zero point from 
which the right ascensions of all heavenly bodies are mea- 
sured, it is-^ therefore necessary to know its position with 
reference to the fixed stars with very great accuracy. Once 
having fixed this point, and the as tronomical cl ock being 
set at zero when it crosses the meridian, then the time at 
which any other star crosses the meridian will, on being 
reduced to degrees (by allowing for each hour), give 
the right ascension of that star. 

It is evident that if we could find independently the 
right ascension of any one star, the position of the first 
point of Aries is immediately determined, and, conse- 
quently, the right ascensions of all other stars. The 
following method was first used by Flamsteed, the star 
selected being a Aquito. - 

FlamsteecPs method of finding the Ri gid Asce nsion of a Star* 


Let <r be the star whose right ascension is sought (fig. 56) : . ^ 
^ / we have, therefore, to find X T {X being the foot of the 

declina tion circl e drawn through o). 

The declination of the sun 8M is measured (Art. 34) at 
noon on some day shortly after the vei^iflLfiquinox, this 
' / being done by measuring his meridian zenith distance. At 
the same time the interval between his t ransit across the 
meridian and that of the star a is noted, this interval being 
the difEerenoe of their right ascensions MXy which we will 
denote by a. 



Flamsteed’s method 
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Again, it can be ascertained at what time the sun si i all 
have an equal declination sliortly before the Autumnal 
Equinox by observing Ins meridian zenith distance at noon 
on successive days pievious to September 23rd. But here 
we will have to do a little calculation ; for it is very impro- 
bable that the sun will have an equal declination exactly 
nt noon on any one of these days ; but we can observe his 
declination at noon on two successive days, at which, in one 
case, it is greater, and, in the other case, less than 8M ; and 



Fig. 56. 

then, if we assume that for short periods his changes in 
right ascension and declination are proportional to one 
another, we can, by a simple statement in proportion, calcu- 
late the exact time at which his declination SiN shall be 
equal to SM. In this case also the difference between 
his right ascension and that of the star o* is noted. This 
difference is NX, which we will call (i. It is evident that 
JUr 

Let X « the required right ascension 'Y' X of star, 
jti = right ascension of sun at S = ; 

180° - fjL = right ascension of sun at Si = N'^, 
but XT - Mr MX, 

or X — fx - a*, 

also X - (180° - /w) = j3, or x - 180° + u = 6, 
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Thus we have two simultaneous equations, the unknown 
quantities being x and /u. Adding, we get 

2* - 180° = a -r , 

m°+a + Q 

••• ^ = 2 “^' 

but a and j3 being known, x is therefore determined. 

The above formula is open to some error, as during the 
interval between the two observations there is a 
increase in the right ascension of the star, owing 
cession. It can, however, be corrected as follows : — 

Let p = the increase in the R.A. of a star during the 
interval, and our two equations become 

a? — /Lt = a, 

and x^-p - + /a = |3 ; 

IHO^ + a ^ B — p 
.*• X = — -• 

The uncorrected value of x gives, not the star’s right 
ascension during the first observation near the vernal 
equinox, but its mean value between the two observations 
or the value it would have at about the 21st June. 

The advantages of Flamsteed’s method are that it 
is not necessary to know exactly the sun’s declination ; 
it is quite sufficient to observe when the declinations 
at the two observations are equal, so that any uncer- 
tainty in the latitude of the place due to instrumental 
errors, which will affect both observations equally, is of 
no consequence. Also, as the sun has nearly the same 
zenith distance during each observation, he will be equally 
affected by refraction and parallax, and hence these errors 
are avoided. 
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Determination of the Obliquity of the Ecliptic to the 
Equator, 


102. This angle is measured by observing the meridian [ 
zenith distances of the sun at the summer and wnater solstices. 

Let these be z and s', and let the latitude of the place be I 
Now if S be the position of the sun at one of the solstices, 
its declination 8M is equal to the inclination w of the 
ecliptic to the equator (fig. 57), for the angle between two 
great circles is measured by the arc they inte^i^pt on a 
eircle perpendicular to both. ^ ^ 



Fig 57. 




I 


But latitude = zenith distance ± declinafion* (Art. 34); 


/ = s + w for summer solstice, 
ulso ' = s' - 61 for winter solstice. 

s - s 

Subtracting, we get w = 
and, therefore, w is found. 

In the above observations, it is not probable that the ^ 
sun will be exactly at the solstitial point when in the 
meridian, but allowance can be made for his change of 
declination during the interval. 


* This equation is obviously identical with that given m Ait 34, viz 
colat ± 5 = a. 
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rrecksion of the Equinoxes, 

103. Eepeated observations of tbe right ascensions and 
declinations of the stars extending over a long period of 
time show us that the first point of Aries is not a fixed 
point in the sky, but has a very slow movement among 
the fixed stars along the ecliptic in a direction opposite to 
that of the yearly motion of the sun. This backward 
motion of Aries to meet the sun, in which the first point 
of Libr a also takes part, causes the equinoxes, as it were^ 


to precede their due time each year. Hence this slow 


movement is called the precesmn of the equinoxes. 

The rate of precession is 60"*24 in one year, or about 
1° in 72 years. The time taken by Aries to complete one 
revolution of the heavens would, therefore, bo about 26,000 
for 




360“’ X 60 X 60 
50''-ii4 


= 26,000 years nearly, 
isrifudt 


Owing to precession, the longitude of each fixed star 
increases at the rate of 50"*24 each year. The right ascen- 
sions and declinations of the stars are also found to be 
slowly changing, but their latitudes remain almbst constant. 
From this latter consideration we are led to the con- 
clusion that the ecliptic is very nearly fixed in the heavens, 
but that the equator must be slowly shifting on the ecliptic, 
thus causing their intersections T and ^ to move in the 
manner described above. 

Thts movement of the equator on the ecliptic is accom- 
panied by a corresponding gradual displacement of the 
celestial pole, which describes a circular path round the 
pole of the ecliptic at a distance from it of 23® 28', one 
revolution beiug completed in 26,000 years. Hence, in 
some thousands of years the star which is now our pole 
star will be at a considerable distance from the c elesti al 


I 
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4 j!Qle, The briglit star a Lyrse will, in about 10,000 years, 
be distant about 5° from the point round which the heavens 
will then seem to revolve, and will, like our present pole 
star, appear almost stationary in the sky. 


Fhi/stcal Camcj^ Fremswn» 


104. The precession of the equinoxes is almost entirely 
^ caused by the attraction of the moon and sun on the pro- 
t uberant p ortions of the earth at the equator If the earth^s 
( shape were perfectly spheiical, the attractions of the sun 
and moon could each be represented by a single force 
passing through its centre, and would, tlierefore, not disturb 
the axis of rotation of the earth nor tho plane of the 
equator. However, the shape of tlie earth is sphewndal, 
not unlike that of a sphere with an additional layer or belt 
of matter round the equatorial regions In the adjoining 
figure, let S repieseiit the sun, and PP' the axis of rotation 
o^he earth (fig. 58). 





Now, the attraction of the sun on the protuberant por- 
tions of the ear"h being greater on the nearer than on the 
more remote side, the resultant attraction will, therefore, 
be represented by a single force, OB acting at a point 0 
above the centre of gravity (7, the effect of which would 
be to cause a disturbance of the axis of rotation of the 
earth. On first thoughts we might imagine that this would 
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result in a change in the plane of the equator, so as to 
make it eventually coincide with the ecliptic, and set the 
earth's axis at right angles to the plane of the ecliptic. 
And certainly this would he the case were it not that the 
earth is at the same time rotating rapidly round its axis, 
the resultant effect of these two rotations being that the 
axis of the earth is indeed disturbed, but in such a manner 
as not to alter its angle of inclination to the plane of the 
ecliptic. In fact, the axis of the earth has, as it w^ere, 
a slow “ wobbling ” motion, so that the point in the heavens 
to which it is directed, viz. the celestial pole, describes the 
circle round the pole of the ecliptic, which we have pre- 
viously mentioned ^ 




This motion of the earth's axis can be very well illus- 
trated by the wobbling’^ of the axis of rotation of a 
^ spinning-top. The weight of the top acting vertically 
downwards tends to pull the axis of rotation AB away from 
the vertical ; but if the top be spinning sufficiently rapidly, 
it will not fall to the ground, but, as we all know, the axis 
of rotation describes a cone round the vertical AO, keeping 
at a constant angle to the ground in precisely the same 
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manner as in tlie case of the earth the celestial pole, which 
is the extremity of its axis, revolves round the pole of the 
ecliptic. 

The disturbing effect of the moon^s attraction is more 
than twice as great as in the case of the sun, the ratio 
being as 7 : 3, the reason of this being on account of the 
greater proximity of the moon to the earth. 

In either case, the disturbance is greatest when the 
attracting body reaches its greatest north or south decli- 
^ nation, and is zero when the body is on the celestial equator. 

1 The precession caused by the sun and moon is sorae- 
^ times called the lmar-‘Solar preces8io}h It amounts to 50"*35^ 
annually. This lias, however, to be diminished by a very ^4 
small amount called the planetary precession^ which, acting 
in the opposite direction, is found to be 0"'ll each year, 0 
and leaves an annual general precession of 50"*24. The 
planetary precession is caused by the action of the planets, 
which tends to disturb the earth’s orbit, and therefore 
the plane of the ecliptic, producing at the same time a 
diminution of the obliquity of the ecliptic to the equator 
of about half a second each year. However, this change 
of obliquity will never exceed a certain fixed limit, viz: 
about on either side of the mean value. 

At present the vernal equinoctial point, though still 
retaining the name “ First point of Aries,” is not in tho 
constellation of Aries, but, owing to precession, has shifted 



ahput 30® into the neighbouring constellation Piscesr Also 
’ ^ the autttuinaLequinoetialpnini not now in the constellation 
of Libi;a but in Virgo. xa' 

^ , 1 U) . ^ 

J ^ Nutation. 

r M 

, ^ f 105. So far we have dealt with precession as if tho 
^ celestial pole moved uniformly in a circle round the pole of 


the ecliptic, and this would certainly be the case if the 
disturbance due to the attractions of the sun and moon weto 
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eonstant ; but in consequence of a want of uniiormity in this 
disturbance the celestial pole really describes a wavy path (see 
fig. 60]. This nodding, as it were, of the celestial pole to 
and from the pole of the ecliptic is called nutation. The 
result is, that the precession is sometimes more and at other 
times less than its mean value, and there also results a small 


periodic increase and diminution of the obliquity of the 



Fig. 60 . 


Nutation is almost altogether caused by the variable 
action of the moon depending on the position of the moon’s 
nodes (the points where its path cuts the ecliptic) which make 
a complete revolution of the heavens in 18^ years. 

The wavy motion of the celestial pole may be graphically 
represented in the following manner : — 

Bound the mean position of the celestial pole as centre 
(fig. 60) describe a small ellipse ab, with a major axis 
ah = 18"*5 directed towards the pole of the ecliptic, and a 
minor axis 13"-7 along the circle mn ; then if we imagine the 
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mean pole which is the centre of the ellipse, to move along 
the arc w/i, the true pole P will move in the ellipse round 
it as centre, completing a revolution in years. 

Bradley first discovered n^ition by observing that, after 
correcting for aberration, &c., the apparent displacements 
in the fixed stars with reference to the equator and ecliptic 
could not be accounted for on the supposition of a uniform 
precession. 


The Velocity of Light, 

106. That the propagation of light is not instantaneous was 
discovered by Roemer, in 1675 from observing tlie eclipses of 
J upiter’s satellites. The times at which these eclipses should 
occur were predicted from a great number of previous obser- 
vations, and would therefore correspond to the mean distance 
of the planet from the earth. It was found, however, that 
when Jupiter was in opposition, or, in other words, nearest to 
the earth, the eclipses appeared to occur about eight minutes 
before the calculated time. On the other hand, when Jupiter 
was in superior conjunction or furthest from the earth the 
observed time was about eight minutes later than that pre- 
dicted ; from which it appeared that this difference of about 
sixteen minutes, or, more accurately, sixteen minutes and 
thirty* six seconds, was the time taken by a ray of light to 
move tbroftgh tlie diameter of the earth^s orbit. Taking 
this distance as 185,000,000 miles we get that the velocity of 
light is about 186,000 miles per second. As the velocity of 
the earth in its orbit is 18J miles per second, we see that the 
velocity of light is about 10,000 times greater than that of 
the earth. 

We see from the above that light takes about 8“ 18® to 
pass from the sun to the earth. This interval is sometimes 
called the equation of light. The velocity of light has since 
been measured directly by M. Fizeau, and afterwards by 
M. Foucault. 
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Aberration. 

107. The Aberration of Light is the apparent displace- 
ment in the directions of the heavenly bodies due to a 
combination of the velocity of the earth with that of light. 
The velocity of the earth, although small compared with that 
of light, is still large enough to produce a sensible deflection 
in the direction of the rays of light coming to us, so that the 
direction in wliich we have to point a telescope in order to 
observe a star is not the same as if the earth were at rest. 

We may illustrate the effect of aberration in the following 
manner: — A man standing still in a shower of rain when 
the drops are falling vertically will, in order to shield him- 
self, hold an umbrella right over his head. But if he proceed 
to walk or run he will find that the drops seem to strike him 
in the face, so that he has to hold the umbrella before him. 
Also the more he increases the rate at which he is moving 
the greater will be the deflection in the direction of the rain 
drops. This deflection we might call the aberration of the 
rain. 

Effect of Aberration on a Star. 

108. Let 0 (fig. 61) be the position of the earth ; draw OA 
a tangent to the earth’s orbit at O, and cut off OA to represent 

the velocity of the earth. Then let OS be the direction of 
a star and, produce SO io so that OB may represent 
F, the velocity of light. Now in order to be able to consider 
the question as if the earth were at rest, let us apply a velocity 
equal and opposite to v to both the earth and to light. 
This leaves the relative motion unaltered. The point 0 is 
thus reduced to a state of rest, while the light may be 
supposed to have two velocities OC and OB which give a 
resultant velocity OD. The star will therefore appear in 
the direction OS' the production of OD and the angle SOS'^ 
or a, which measures the amount of the displacement, is called 
the aberration of the star. 



point. 
Bun's a 
Ld as tl 
1 Aries 
90^ be: 
.n that 
.20", ai; 
whose ! 
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Aberration Varies as the sine of the Earth! s Way. 


109. We have, in the triangle OCB^ 
sin (72)0 ^ 00 
sin COB CB 
sin a 




or 




sin /3 

/. sina = ^sin)3; 

but a being small, sin a = a (in circular measure), and /3 
may be taken equal to the angle E or the earth’s way, as 
they differ by a very small amount ; 

a = aberration = K sin E. 

K is oalled the coefficient of aberration^ and, when expressed 
in circular measure, may be defined as the ratio of the 
velocity of the earth to that of light. 

If the aberration be expressed in seconds, we have 

206265 “ pr “II 

= l00-00®‘“^5 (Art. 106) 


a* = 20"*6 sin E nearly. 

Therefore, the coeflSioient of aberration expressed in seconds 
is about 20"*6, a more accurate value being 20"*49. It is 
evident that the aberration is a maximum when the earth’s 
way « 90° ; 

.*. maximum aberration = 20"*49 sin 90° = 20"*49. 


Example. 

A star in the ecliptic has a longitude of 75®, obtain the change in the position 
of the star owing to aberration, when the longitude of the sun is 136®, assuming 
the constant of aberration to be 20” 49. 

Here the angular distance of star from sun = 1 36° - 76® = 60° ; *. the earth^s 
way = 30® since the direction of earth’s motion is at right angles to direction 

a=ir8inJ? = 20”*49 sin30® 

« 10” 245. 

110. The effect of aberration is to cause each star to 
appear to describe a small elliuse round its true uosition in 
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the course of a year. This can be shown in somewhat the 
eame way as in the case of annual parallax. For we may 
regard the earth^s orbit as being approximately a circle, 
and that its velocity throughout the year is uniform. We 
may therefore suppose each star to move in a circle, 
parallel to the earth’s orbit, round its true position as centre. 
But when this imaginary circle is projected obliquely on 
the surface of the celestial sphere it becomes an ellipse of 
which the semi-axis major is parallel to the ecliptic, and 
equal to 20" 49 (tlie maximum aberration), the semi»axi« 
minor being 20"*49 sin /, when I is the latitude of the 
star. Therefore, summing up, we have — 

(1) Each star aberrates touards a point on the ecliptic 90° 
behind the sun, 

(2) The displacement varies as the sine of the earth! s way, 

(3) A star situated at the pole of the ecliptic (that is^ with 
latitude = 90°) will^ in the course of a year ^ appear to revolve 
round its true position in a circle whose angular radius is 
20"-49. 

(4) A star situated on the ecliptic (that is^ with zero latu 
iude) will appear to oscillate through an arc on the ecliptic 
q/‘20"'49 on either side of its true positiouy the total annual 
displacement being 40"*9. 

(5) In general^ a star whose latitude is I willy throughout 
the yeary appear to describe a small ellipse round its true position 
as centrcy the semi- axis major being 20"*49, and parallel to the 
ecliptic and the semi-axis minor 20"’49 sin I, 

The student will easily see that these results differ con- 
siderably from those obtained in the case of annual parallax, 
although they have some points of similarity. For the 
annual parallax of a star depends on its distance from us, 
whereas the constant of aberration is the same for all stars, 
irrespective of their distances. Also in the particular case, 
^hen a star is either in the same part of the celestial sphere 
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as the sun or on the diametrically opposite point, the annual 
parallax is zero, but the aberration is a maximum. The 
displacement due to parallax takes place towards the sun, 
and that due to aberration towards a point on the ecliptic 
90° behind the sun. 

111. The aberration of a planet differs somewhat from 
that of a star, being duo to two causes —(1) That due to- 
the velocity of the earth, and (2) to the velocity of the 
planet. If the planet^s motion were equal to that of the 
earth, and in the same direction, there would be no aber- 
ration. In general, it is easy to calculate the aberration 
due to those two causes separately. 

As the velocity of the moon about the earth is very 
small compared with the velocity of light, we may regard 
the aberration due to this velocity as zero. Neither is there 
any aberration on account of the earth^s orbital motion 
round the sun, for this motion is shared in by the moon. 
We may, therefore, regard the moon as having practically 
no aberration. 

Discovery of Aberration. — Bradley was first led to 
the discovery of aberration while attempting to find the 
annual parallax of y Draconis. Observing that the latitude 
of this star was subject to small annual variations for which 
he could not account by attributing them to any known 
cause, he was eventually led to adopt the above explanation. 

112. Diurnal _Ato*5Jrratlon.— Owing to the earth’s 
rotation on its axis, a point on the equator turns through 
26,000 miles in 23^ 66*“. This is at the rate of -^th of a 
mile per second, or g*^th of the velocity of the earth in its 
orbit. Any other point on the earth not on the equator will 
have, of course, a less velocity than this. 

The aberration due to this motion is called diurnal 
aberration. It is, however, as we can easily see by com- 
paring the above velocity of rotation with that of light,, 
so small as to bo almost inappreciable. 
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CHAPTER IX. 

THE MOON. 

113. Next to the sun the moon is to us the most 
important of all the heavenly bodies. Besides its diurnal 
motion from east to west, which is imparted to it in common 
with all the other heavenly bodies in consequence of the 
rotation of the earth on its axis, it has, like the sun, a 
•motion among the fixed stars in the opposite direction, 
making a complete revolution of the heavens in about 
27 d 7 h 43 m^ gyjj appears to make a complete revo- 

lution of the ecliptic in one year, we see that the moon’s 
motion among the fixed stars is about thirteen times faster 
than that of the sun. So rapid is this motion, that its 
-change of position with respect to bright stars in its neigh- 
•bourhood can be easily seen, even after as short an interval 
as two or three hours. 

The moon’s path, on being mapped out on a celestial 
globe, is found to be represented by a great circle, cutting 
ihe ecliptic at an angle of 5° 9', from which it follows that, 
like the^ihmets, it is always to be found near the ecliptic, 
"ifs north south latitude never exceeding 5® 9'. 

The moon’s motion among the fixed stars is due to an 
orbital motion round the earth. In fact, the moon is the 
•earth’s satellite. We must not, however, suppose that its 
orbit round the earth is a circle, because the projection 
of this orbit on the celestial sphere, on being traced out, 
is represented by a great circle. No, for just as in the case 
of the sun, we find that the moon’s distance from the earth 
is not constant. We are led to this conclusion by the fact 
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that ite, angular diameter, on being measured at difiFerent 
times by means of a micrometer, is found to undergo periodic 
changes, which shows that its distance from the earth must 
be changing also, being least when the apparent diameter 
IS greatest. Its greatest angular diameter is 33 J'; least 
29y, and the mean 3iy, or a little more than half a degree. 
These changes in the apparent angular diameter lead ue 
to the conclusion — (1) that the moon’s orbit round the earth 
is approximately elliptic with the centre of the earth situated 
in one of the foci, (2) the radius vector joining the centres of 
the earth and moon sweeps out equal areas in equal times. 

From this we might infer that the moon’s motion among 
the fixed stars is not uniform* In fact, it varies from a^ 
maximum of 33' 40" per hour to a minimum of 27', its 
mean hourly velocity being 32' 56". So that we may say 
that the moon in its motion among the fixed stars movea 
through an are equal to its own diameter in otie hour. 

The mean distance of the moon from the earth ie 
238,000 miles, or about 60 times the earth’s radius. As 
this distance is much less than the radius of the sun, which 
is 110 times the radius of the earth (Art. 44), we see that 
if the sun were placed with its centre at the centre of the 
earth its mass would extend considerably beyond the moon, 
a consideration which will perhaps enable the mind to form 
some idea of the magnitude of the body which forms tho 
centre of our system. < 



The MooyCb Phases 


114. One ofithe most interesting phenomena to be seen 
in the heavens is the series of changes which the visiblo 
portion of the moon’s illuminated surface presents during 
its orbital motion about the earth. These appearances ^are 
called its phases. They prove that the moon is an opaque- 
spherical body deriving its liglit from the sun. As only one 



moon’s phases. 
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hemisphere of the moon can be illuminated at onoe, viz. 
that half which is turned towards the sun, an observer 
will therefore see a variable amount of this bright surface 
depending on the relative positions of the sun, moon, and 
earth. 

Let ACMD (fig. 62) represent the orbit of the moon, 
E the earth, and S the direction of the sun. In the eight 
positions of the moon, which we have here depicted, the 
line mw, which is perpendicular to the direction of the sun. 


Do 

m ^ 



separates the illuminated half of the moon from the unillu- 
minated half, and all the positions of mn are drawn as if 
parallel to one another, the sun being so far distant. The 
line ah may be taken as separating the half of the moon 
which is turned towards the observer from that which is 
turned away from him. 

When the moon is in c onjunction at A, its dark hemi- 
sphere is turned towards the earth, and no portion is visible 
to the observer. It is then said to be new moon. 
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Some four or five days afterwards, when the moon is at 
By the observer will see a small portion of the illuminated 
surface which will appear as a thin crescent in the sky, 
seen in the west after sunset. 

When the moon is at (7, 90° from the sun ; that is, in 
quadrature, it will appear in the sky as a bright semicircle. 
This is said to be and the moon is then said to 


y ^ ^ he Motomizf d. 




At B it i^'gibhonSy and when in opposition at My which 
occurs at about 15 days after conjunction, the whole of the 
illuminated hemisphere is turned towards the observer. The 
moon will then present a complete circular disc in the sky. 
This is said to be fulimoiL 

After full moon, these phases are repeated in reverse 
^ order, the moon being again in quadrature at ff, which 
^ j V is called third quarter y and finally, conjunction is once more 
/ y reached at A, J ^ 

When in conjunction and opposition, the moon is said 
^ ^ to be in sj 0 ggi/ Its elongation from the sun is then 0° and 
180°, respectively. When in quadrature at first quarter its 
elongation is 90°, and at third quarter 270°. 


(/ 


Definitions. 

(1) . The time taken by the moon to make a complete 
revolution with reference to the fixed stars is called its periodic 

J time or sidereal period. This period is 27^ 7^ 43“. 

(2) . The interval between two successive conjunctions or 
^ oppositions, or, in other words, the time taken to make a 
^ ^ complete revolution with reference to the sun is called ,the 
ft] ,^”7 gpgfl&c period or a lunatio n. This period is 29^ days, or, 
^ more accurately, 29'5305887 days. 

^ obvious that if the sun had no apparent motion in 

1 the ecliptic, the synodic and sidereal periods would be exactly 
the same, so that the full moons would follow one another 
at intervals of 27<^ 7^ instead of 29| days. But while the 
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moon is making a complete revolution round the earth, 
which it does in 27^ 7^, the sun moves through an arc of 
about 27° on the ecliptic in the same direction (roughly at 
the rate of 1° daily), so that it takes the moon an additional 
two days to arrive at the same position relative to the sun 
and earth as when it started. In the above diagram illus- 
trating the phases of the moon we have, for the sake of 
simplicity of explanation, supposed the sun and earth fixed, 
and that the moon moves with its relative velocity with 
respect to the sun, completing the revolution in 29-|- days. 

To determine the Moon\ Synodic Period, 

115. We know that when an eclipse of the moon takes 
place, the moon must be in opposition. Therefore, if we 
observe the exact interval of time that elapses between the 
middle of two eclipses, and divide by the number of luna- 
tions between them we get the length of a single lunation 
or synodic period. 

The mean length of a lunation can be calculated very 
accurately from the records of ancient eclipses. The earliest 
observations of eclipses of which there is an accurate aeootmt 
are those taken at Babylon in the years 720 and 719 b.c. 
The number of lunations between one of these eclipses and 
an eclipse at the present day being known, we are able 
to calculate the mean value of a lunation over a very long 
period of time. 

To find the Moon^s Sidereal Period, 

116. Knowing the moon^s synodic period, we are able 
to calculate its sidereal period, or periodic time, in the 
same way as in the case of a planet (Art. 67). In fig. 63 
E represents the earth, the inner circle being the orbit 
of the moon, and the outer circle the apparent orbit of the 
sun about the earth. A and B are the positions of the 
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moon and sun at conjunction, and A and B' their positions 
one day after conjunction. 

Let 

S = Period of sun^s motion about earth = 365| days. 

P == Moon’s periodic time or sidereal period. 

L = Interval between two conjunctions = 29^ days. 



Fio. 63 


360 

-p- = L described by moon in 1 day = l AEA', 
S 


= z. described by sun in 1 day = L JBB £' ; 


360 360 ,, . 

*. -p p- = Z gamed by moon m 1 day = z li^EA\ 

but = Z gained by moon in 1 day, also; 

^ 360 _ 360 . 

*’■ P H ~ ~L ’ 

i_l =1 

P 8~ L' 


or ^ - 


1 


1 


P 365-25 29-5 
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therefore, solving for P, we find the periodic time to be 
27 d 7 h nearly. 

A more accurate value for the periodic time is 27^ 7^ 
43“ 11®, while that of a lunation is 29*5305887 days. 

Metonic Cycle • 

117. Meton first discovered, b c. 433, ‘that 19 years- 
expressed in days is an almost exact multiple of a lunation, 
for 365*25 x 19 = 6939*75 and 29*5305887 x 235 = 6939 688. 
So that in every 19 years there are almost exactly 235 luna- 
tions. Therefore, at the end of every 19 years the sun and 
moon, returning to tlie same positions with respect to the 
fixed stars, all the phases of the moon will occur again on 
the same days of the month as for the previous 19 years, the 
only difference being that they will occur about one hour 
sooner. This is called the Metonic Cycle, The discovery of 
the Metonic cycle was of considerable importance, as it 
afforded a ready method of predicting the dates of the full 
moons, etc., without the trouble of calculation. It has been 
much used in order to find the date on which Easter should 
fall in a given year, because this festival occurs on the Sunday 
following the first full moon after the 2l8t March. For 
this reason, the nineteen numbers, from 1 to 19, are called 
the golden niimheis. The golden number, or the number in 
the Metonic Cycle, for any year, is the remainder got after 
dividing the year increased by unity by 19. Thus the 
golden number for 1901 is the remainder when 1902 is 
divided by 19, i, e, 2. Where zero is the remainder, then 19^ 
is the golden number. 

A pparent area of illuminated Surface of Moon. 

118. It can be shown in exactly the same way as in the* 
case of a planet (Art. 62) that the apparent area of the 
bright portion turned towards the earth is proportional to^ 
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the vers^ jiue of the exterior angle subtended at the moon 
by the earth and sun. Thus, if (fig. 64) M represent tlio 
moon, E the earth, and S the sun, the external angle at the 
moon is the angle a ; therefore apparent area varies as versin a ; 
but (Euclid, I. 32), a = j3 + 0. Therefore the angle a is 
very nearly equal to j3, for the moon, being so near the earth, 
8 is always a very small angle, being never more than 10'. 
Therefore the apparent area varies approximately as versin j3 
where |3 is the angle of elongation of the moon from the sun. 
Of course this approximation is not true in the case of a 
"Jianet, for its distance from the earth being so very much 
greater than that of the moon, we could by no means neglect 
the angle 0. 


j' 

Fig. 64. 





,^19. Earth»8hine. — It is evident that if the eaith were 
seen from the moon it would appear to pass through 
same phases as the moon does when observed from the ^arth, 
but in inverse order. During new moon the earth, as seen 
from the moon, would appear full. When tlie moon appears 
as a c^gcent tlie earth would appear gibbous, and vice vcrsd. 
This accounts for the phenomenon which doubtless everyone 
has observed, that when the moon appears as a thin crescent 
in the sky the remainder of its surface can be seen shining 
with a dull grey light, caused by the earth-shine on the moon, 
which is reflected back again to the earth. 
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To find the Sun^s distance hy observing when the Moon h 
Dichotomized. 


120. In Chapter YII. we described the different methods 
by which the sun’s distance can be calculated. There is 
another method however, which, although not susceptible of 
the same degree of accuracy as those employed in modern 
times, is of great historical interest, as it was used by Aris- 
taichus at Alexandria about 280 n c , being the first attempt 
at deteiminiiig tlie sun’s distance. 

The angle of elongation (5 (fig. 64) of the moon from the 
sun is observed when the moon is dichotomized, or, in otljy^r 
words, when the Z SME= 90"^. 


Now, 


cos f3 = 


DJI 


and )3 being known, the ratio of the moon’s distance to the 
sun’s is known, from which, knowing that of the moon, the 
distance of the sun is determined. 

It is not possible to obtain accurate results by this method > 
as, owing to ine qualit ies in the moon’s surface, the line which 
separates the bright from the dark portion is, when seen 
through a telescope, very uneven, so that the observer is 
unable to tell the exact instant when the moon is dichoto- 
mized. Aristarchus deduced by this method that the^sun 
Was 19 times more distant than the moon, instead of 409 
times, which modern observations give us. 


IVie Moon rotates round an Axis. 

121 . It is a remarkable circumstance in connexion with the 
moon that it always turns nearly the same face to the observer. 
TliQ mountains and other markings which are to be seen on its 
surface are always to be found nearly in the same position 
with respect to the cucumfereuce of the moon’s disc, and also 
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relative to the plane of its orbit. From tliis circumstance we 
are led to conclude that — 

(1) The moon revolves round an axis which is nearly 
perpendicular to the plane of its orbits 

(2) The period of its rotation round its axis must be equal 
to the time of completing a revolution round the earth, viz 
27 d 7 h^ Qn thoughts it might appear to the reader 
as if the fact that the moon keeps the same face turned 
towards the earth proves that it has no rotation. The follow- 
ing illustration will serve to sliow how erroneous is such a 
•conclusion : — Let the reader place a lamp or other body in 
the middle of a room, and let him proceed to walk round it 
in a circle so as to keep his face turned towards it all the 
time. Now, let us suppose that at first his face is turned 
towards the north, and he will find, while he is completing a 
circuit, that he faces in turn towards all the points of the 
compass. He will be looking towards the south when he has 
moved through a semicircle, and will again face the north 
when he arrives at the point from which he started. In 
other words, in order to keep his face turned constantly 
towards the lamp he will have to rotate his body through 
360° for every circuit he makes. So it is in the case of the 
moon’s revolution round the earth. * 

in Latitude. 

122. The axis of rotation of the moon is not quite per- 
pendicular to the plane of its orbit, being inclined to it at an 
angle of 83^°, or about 6^° to the perpendicular. Therefore 
while the moon revolves about the earth its north and south 
poles are alternately turned slightly towards or from the 
observer. At one part of its orbit we see about 6J° beyond 
the north pole, and at another time about 6^° beyond 
the south pole. This phenomenon is called libration tn 
latitude. 


^ Mogif s Lt^lions— L^Vra 
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Lih ation in Longitude. 

We have seen that tlie period of tlie moon^s rotation on 
its axis is equal to the time taken to go round the earth. 
But its motion round the earth is not uniform, as, owing to 
the elliptic form of its orbit, its distance from the earth is 
not constant. On the other hand its rotation on its axis is 
perfectly uniform. The consequence is, that although the 
two periods of making a complete revolution are the same 
for each, still at one time we are able to see a little more of 
the eastern side, and at another time a little more of the 
western side. This is called hbmtion in longitude. Its maxi- 
mum amount is 7*^ 45'. ( 



There is also a diurnal hbration which is really due to 
parallax. For, from the time the moon rises until it sets, the 
observer, on account of the rotation of the earth, has changed 
his point of observation, and therefore he does not in each 
case see exactly the same face. When the moon is rising in 
the east he sees a little more of its western side, and when 
setting in the west, a little more of its eastern side, than when 
it is liigh up in the sky crossing the meridian. 

The total effect of these librations is such that we are at 
different times able to see a total of about 59 per cent, of the 
moon^s surface instead of about 50 per cent. 


Path of the Moon round the Sun. 

123. We have seen that the moon^s orbit relative to the 
earth is an ellipse, but, as it also follows the earth in its 
motion round the sun, we see that the path of our satellite 
round the sun is due to a combination of two motions, a 
monthly motion about the earth, and a yearly motion about 
the sun. If we neglect the small angle at which its orbit 
cuts the plane of the ecliptic, and assume them both in the 
same plane, the moon’s path may be represented by the 
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V 


dotted line in the adjoining figure, going alternately inside 
and outside the orbit of the earth AEE\ and crossing it about 
25 times in the course of the year. M represents the moon, 
and E the earth at new moon, while If' and E^ would be 
their positions at tlienext full moon after an interval of about 
a foitnight. It is to be observed that this path of the moon 
is always concave to the sun. V , 




Fig. 65 

More Moonlight xn Winter than in Summer. 

The moon, when full, being in opposition, must be at 
almost the diametrically opposite point of the celestial sphere 
to that in which the sun is situated. Ilence at full moon at 
midsummer the sun's declination being north the moon must 
have an equal southern declination, and therefore remains 
but a short time above the horizon (Art. 20). Again, at full 
moon during midwinter the conditions are reversed, the sun’s 
declination is south, and the moon’s nortli ; hence we have the 
moon a long time above the horizon. This happens just 
when the days are shortest and we are most in need of light. 
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Moon^s Retardation. 

124. The moon moves from west to east with reference to 
the sun through 360® every 29^ days, or about 12J° daily. 
Therefore its time of rising will be later and later each night 
by an interval whose mean value is about 50 minutes.* This 
retardation^ as it is called, of moonrise is not by any means 
uniform throughout the year ; it may be as great as 1 hour 
16 minutes or as small as 17 minutes. 


Since 15° correspond to 1 hour, 12J° are equivalent to 60 minutes 
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Harvest Moon. 

125. At the full moon nearest the autumnal equinox it 
found that the retardation in the time at which the moon 
rises is less than at any other full moon throughout the year 
Therefore for several nights in succession the moon will rise 
very shortly after sunset, rising on the night of full moon, as 
it always does, at sunset. As this happens when the farmers 
are getting in their crops, thus enabling them to prolong 
their work into the night, it is called the Harvest Moon. 



Fig 65a. 


In order to explain tins plienomenon more clearly wo 
shall suppose that the moon's path is along the ecliptic in- 
stead of being inclined to it at a small angle, and that it 
moves uniformly in the ecliptic at the rate of daily 

(360° in 27^ 7^), and we may remark that, owing to the ap- 
parent diuriinl 1 evolution of the lieavenly bodies the angle at 
which the ecliptic cuts the horizon is continually changing, 
its greatest and least values being colat + 23° 28' and colat 
- 23° 28' respectively. The reason of this is that the pole 
of the ecliptic, which, in its diurnal motion, describes a 
small circle mn (fig. 65 a) of angular radius 23° 28' round 

M 
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the celestial pole, is closest to the zenith at when 
Zm = ZP - Pm = colat - 23® 28', and at its greatest zenith 
distance at 7i when Zn = colat + 23® 28'. Hence the angle 
between the ecliptic and horizon (being equal to the angular 
distance between their poles) must vary between the same 
limits, being least when t is rising at the east point X when 
the ecliptic KC passes between the horizon and equator, the 
order being horizon^ ecliptic^ eqiiator ; and greatest when is 
at X when the ecliptic takes the position K'C\ the order 
being horizon ^ equator^ ecliptic. 

During the full moon nearest the autumnal equinox the 
sun is in Libra, and the moon, being in opposition, is in Aries, 
crossing from the south to the north side of the equator ; the 
moon will therefore rise at X, when the ecliptic KC is at its 
smallest inclination (colat - 23® 28') to the horizon. But 
after an interval of 23^ 56“^ when, owing to the diurnal 
revolution of the celestial sphere, the point X returns to the 
same position as on the previous night, the moon will have 
moved about 13®. Hence, if XM be cut off on the ecliptic 
equal to the moon’s daily rate, and through M an arc of a 
small circle ML be drawn parallel to the equator, the moon, 
on the night following full moon, will rise at Z, the amount 
of retardation being measured by the arc of the small circle 
LM or by the angle LPM. This retardation, expressed in 
time, is found to be in our latitudes only 18J minutes, or 
14^ minutes with reference to the sun (allowing for the sun’s 
daily retardation of 4 minutes). This phenomenon of course 
occurs each time the moon is in Aries or, in other words, every 
month ; but it is only during the harvest that the moon is in 
Aries and full at the same time. 

Similarly we might show that the reverse occurs when the 
sun is in Aries and the moon in Libra, the daily retardation 
being then a maximum. For when the moon is rising, the 
ecliptic takes the position K (7, cutting the horizon at the 
greatest angle possible (colat + 23® 28') : if XMl be now out 
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off equal to the moon's daily rate of motion, and a parallel 
WU be drawn to the equator, the moon, on the following 
night, will rise at L\ the retardation being measured by the 
arc of the small circle M'L' or by the angle M!PU (the arc 
PM wljLeiuproduced passing through M), This, expressed in 
time, corresponds to a retardation of about 10“ with refe- 
rence to the fixed stars or 1^ 6“ with reference to the sun. 
The retardation is thus a maximum each month when the 
moon is in Libra, and therefore is a maximum during the 
full moon nearest the verual equinox. It will, however, be a 
minimum for observers in the southern hemisphere, and to 
them the full moon at this period is a harvest moon. 

At the arctic circle there is even an acceleration in the 
time at which the moon rises on successive nights when the 
moon is in Aries. For, when Aries is rising, the ecliptic 
actually coincides with the horizon (Ex. 5, page 32), and the 
distance ML (fig. 65a) vanishes, and therefore the interval 
between two successive risings is only 23*^ 56“. So that, as 
measured by solar time, at the arctic circle, the moon after 
passing through Aries actually rises four minutes earlier than 
she did on the previous night. 

During the October full moon the same phenomena occur, 
but in a less marked degree. This moon is called the 
Hunter’s Moon. 

Revolution of the Moon's Nodes. 

126. The moon’s nodes are not fixed points, but have a 
retrograde motion along the ecliptic at the rate of about 19° 
each year, completing a revolution in about 18 1 years. This 
backward motion is similar to that of the equinoctial points 
'Y' and •^, but is very much more rapid, as the period for the 
precession of the equinoxes is about 26,000 years (Art. 103). 
The moon’s motion is therefore very complicated, moving, as 
it appears to do, in a circle which is inclined to the ecliptic 
at an angle of 5°, at the rate of rather more than half a 
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degree each hour, while the plane of this circle is carried 
backwards on the ecliptic at the rate of 19° each year, or 
about 8" an hour. 

127. ISynodIc Revolution of the Roon’s TVodes. — 

We have just seen that tlie sidereal period of the revolution 
of the moon’s nodes is 18f years. The synodic period of 
revolution, i,e, the time taken to return from any position to 
the same position again with respect to the sun and earth, 
can now be calculated in the same way as that of a planet, 
for — 

360° 

oliT T l g = traversed by sun in 1 day, 

OOu20 


360° 


and TTTT — = arc traversed by node in 1 day ; 
lof X 365*25 

360° 360° 360° 


365 25 18f X 365 25 


(see Art. 67), 


where T represents the synodic period. The plus sign is 
taken on the left-hand side of the equation, as the relative 
velocity of the sun and node is the sum of their angular 
velocities, the motion of the node being retrograde. 

On solving the above equation, Tis found to be 346*62 
days, which is the synodic period. 

The line of apsides of the moon’s orbit is not fixed, but, 
like that of the earth’s orbit, it has a slow progressive motion, 
making a complete revolution of the moon’s orbit in about 
nine years, the period in the case* of the earth being about 
108,000 years. 


To find the Height of a Lnnar^ Mountain, 

128. It has been known, from the time of Qalileo,^ 
that the surface of the moon is covered with mountains. 
Some of these mountains have been calculated to rise to 
heights of four or five miles above the surface of the sur- 
rounding plains, which shows that, considering the smaller 
size of the moon, its mountains are comparatively much 
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more lofty than those of the earth. When the sun shines 
obliquely on the mountains, they cast long shadows over 
the surrounding plains on the side remote from the sun 
in exactly the same way as we are familiar with on the 
earth. Also, wherever there is a high mountain, its top- 
most peak catches the first rays of the rising and the last 
of the setting sun, when all the surrounding parts are still 
in complete darkness. Small points of light are for this 
reason sometimes seen on the dark portion of the moon's 
disc, separated by a measurable distance from the line of 
separation of light and darkness. 

129. First Method — The method employed by Messrs. 
Beer and Madler in 1837 for finding the height of a lunar 
mountain consists in measuring, by means of a micrometer, 
the length of the shadow cast by the mountain when illu- 
minated by the sun’s rays. By comparing this angular 
measurement with the angle subtended by the moon's 
diameter, the length of the shadow in miles can be found 
(for the moon's diameter in miles is known) ; from which, 
knowing the inclination of the sun’s rays, the height of the 
mountain can be determined, just as the height of a tower 
on the earth can be found by knowing the length of its 
shadow and the altitude of the sun. In applying this 
method, allowance must be made for the effect of foreshort- 
ening, as the shadow being generally viewed obliquely, the 
micrometer measures merely the projection of its actual 
length on a plane perpendicular to the line of vision. 

130. liecond Method. — This method consists in mea- 
suring, by means of a micrometer, the angular distance 
between the bright summit of the mountain-top appearing 
on the dark portion of the moon’s disc and the line ol 
separation of light and darkness. This measui'ement is 
made in a direction perpendicular to the line joining the 
extremities of the horns, and therefore parallel to the plane 
of the moon, earth, and sun. 
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Let AB represent the line of separation of light and 
darkness on the moon, and P the top of a mountain when 
just illuminated by the ray PBS^ the line PS being per- 
pendicular to AB^ and touching the moon^s surface at B* 
Let E be the earth, and ES* the direction of the sun, as- 



Bi recti on of Sun 


Fig 66. 

seen from E, which may be taken as parallel to P-S, on 
account of the sun’s great distance. The radius of the 
moon is denoted by r, and the height PC of the mountain 
by h ; then by Euclid (ui. 36), 

PD X PC ^ PB\ 

or (2r ^ h) h ^ (see fig. 66) ; 

that is, 2rh + h* = 

But h being very small compared with r, its square may 
be neglected ; 

.*. 2rh - or A = — • 

2r 

Now the distance t is not measured directly ; what is 
actually measured being the projection of ^ on a piano 
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perpendicular to the line of sight, viz. the perpendicular 
8 let fall from P on BE (fig. 66). 

g 

But - - sin 0 = sill ^ (by parallel lines) ; 

t 



sin ^ 


But the angle 0 is known, being the angle of elongation 
of the moon from tlie sun as seen from the earth ; therefore, 
t is known Substituting this value of ty we have — 

g2 

Height of mountain h = — r-r- • 

° 2r sin*^ 

131. liunar Craters. — Perhaps the most striking ob- 
jects to be seen in lunar landscapes are what are to all 
appearances enormous craters of what were once volcanoes, 
but which are now probably quite extinct. The typical 
lunar crater consists of an immense circular plain surrounded 
by a higli wall or rampart. In tlie centre of the plain there 
generally rises a mountain, or sometimes more than one. 
Among the most characteristic of these craters are Tycho, 
having a diameter of fifty-four miles, and Archimedes, 
whose diameter is sixty mites. Another immense crater is 
Schickard, with a diameter of over 130 miles, and a sur- 
rounding wall, Avhich, in some parts, attains a height of 
10,000 feet. It has been pointed out that an observer 
situated in the centre of this walled space would think 
himself in the midst of a boundless desert, for, on account 
of the curvature of the moon^s surface, the summit of the 
lofty surrounding wall would be altogether beneath his 
horizon. 

132. liunar Atmosphere. — All observers of the moon 
have come to the conclusion that it either possesses no atmo- 
sphere at all, or, if any such gaseous covering exist, that it 
is of very extreme tenuity indeed. No change is observed 
in the intensity of the light from a fixed star as it approaches 
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the dark edge of the moon, suoli as there would he were 
there any appreciable thickness of atmosphere for its rays 
to penetrate. Also, when tlie moon passes between the 
observer and a fixed star, the observed time during which 
the oceultation of the star lasts is found not to be less than 
the calculated time, as would be tlie case if the moon had 
an atmosphere of any considerable density ; for the star 
would still be visible for some time after being actually 
covered by the moon, owing to its rays being refracted in 
their passage througli the lunar atmosphere, if such existed, 
just as, owing to refraction by the earth’s atmosphere, the 
sun remains visible to us for some time after he has sunk 
below our horizon. 

In addition to having no atmosphere, astronomers have 
not been able to detect water in any form on the moon’s 
surface, whicli renders the existence of life, such as is known 
to us, altogether impossible. 
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CHAPTER X. 

ECLIPSES 

133. Eclipses are of two kinds, lunar and mlar. 

liunar Eclipses. — A lunar eclipse is caused bj the 

passage of the moon through the shadow of the earth. 
This can only happen when the earth is between the sun 
and moon, or, in other words, when the moon is in oppo- 
sition. 

If the plane of the moon’s orbit coincided with the plane 
of the ecliptic instead of being inclined to it at an angle 
of about 5®, we should have an eclipse of the moon at 
every opposition. However, on account of the above angle 
of inclination of its orbit, it generally happens that the 
moon, when in opposition, is either so far above or below 
the plane of the ecliptic that it fails to pass through the 
shadow of the earth. So we see that, in order that an 
eclipse may take place, the moon must be very nearly in 
the ecliptic, that is, at or near one of its nodes. Therefore, 
the conditions for a lunar eclipse are : — 

(1) The moon must be in opposition, ix, full. 

(2) It must be at, or near, one of its nodes. 

There are two kinds of lunar eclipse, total and partial. 
It is total when the wliole surface of the moon passes 
through the shadow, and partial when only part of its 
surface is involved. 

134. Let S and E (fig. 67) represent the centres of the 
sun and earth, respectively. Draw a pair of direct common 
tangents AB and CD to the sun and earth, meeting SE 
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produced in F, and a transverse pair AD and BC meeting 
SE in X. If these lines be now supposed to revolve round 
SE as axis they will generate cones, and there is thus a 
conical shadow BVD^ liaving V as vertex, into which no 
direct ray from the sun can enter. This conical space is 
called the umbra. 

The spaces represented by VBL and VDN form what 
is called the penumbra, from which only part of the light 
of the sun is excluded. It is to be remembered that the 
passage of the moon through the penumbra does not give 



Thus the moon when at Mi (fig. 67) receives light from 
portions of the sun next A, but rays from parts near O 
will not reach the moon, owing to the interposition of the 
earth ; consequently, the brightness of the moon is some- 
what diminished, the diminution being greater the nearer 
the moon approaches the edge of the umbra. An eclipsCi 
properly so-called, however, does not commence until a por- 
tion of the moon’s surface shall have entered the umbra. 

Phenomena due to Refraction. 

135. As everyone who has seen a total eclipse is aware, 
the moon appears of a dull-red or brownish colour. It 
must, therefore, receive light from some source. That it 
is not due to earth-shine (Art. 119) is certain, for the mooik 
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being in opposition, the dark hemisphere of the earth is 
turned towards it. The phenomenon is caused by the 
refracting power of the earth’s atmosphere, owing to which 
those rays from the sun, which nearly touch the earth, 
are bent round, and thus reach the moon’s surface. 

Another curious phenomenon, due to refraction, is seen 
when an eclipse occurs at sunset or sunrise; for both the 
sun and moon being elevated by refraction, it is possible 
to see the moon eclipsed when the sun still appears shining 
in the heavens, a phenomenon which was observed in 1666, 
1668, and 1750. 

N.B . — Throughout the remainder of this Chapter we 
shall occasionally denote the sun by the symbol O, and 
the moon by € • 

To find the Diameter of the Section of the Ea) th*s Shadow 
tcherc the Moon crosses it. 

136 The angular diameter of the cross-section of the 
cone of shadow is represented by the arc MN. Let the 
semiangle MEV subtended by MN at the centre of the 



y y = € ’s hor. parallax = l EMB or L EXB. 

8 = angle subtended by O’s semidiameter at 
E^lSEA. 

B ^ L EVB^ the semiangle of cone of shadow. 
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Now by Euclid fi. 32) we have : — 

a B ^ p \ /. a- - B* 

For the same reason 6 == s - p ; 

.*. a =p' - (s ~ p) = y + - s. 

But p, p\ and s are known ; therefore 2a, the angle sub- 
tended by MN at is determined. 

If the moon’s horizontal parallax be taken as 57', the 
sun’s as 8", and tlie sun’s semidiameter as 16', the breadth of 
the shadow 2a, or 2 (// + /;-«) is found to be about 82'.* As 
the moon’s angular diameter has a mean value of about half 
a degree, or 30', we see that the breadth of the section of tlie 
shadow at the distance of the moon is nearly three diameters 
of the moon ; and since the moon moves through an arc equal 
to its own diameter in about an hour (Art 113), we see that 
when the moon passes through the axis of the shadow, that 
is, when the eclipse is central^ it may remain totally eclipsed 
for about two hours. 

137. In the above we see that the semiangle 0 of the cone 
= 5 - p = (b’s semidiam.) - (0’s hor. parallax). 

In the same way as the breadth of the section of the cone 
at MIf has been found, it can be shown that the semidiameter 
of the section at XF, where the moon crosses it when in 
conjunction, is equal to p' - p + s. For, by Euclid (i. 32), 

L XES = p' ^ d ^ p' - p s. 


To find the Length of the Earth^s Shadow, 

138. The distance EV (fig. 68) from the centre of the 
earth to the vertex of the cone is called the length or height 
of the earth’s shadow. Its magnitude can now be found, 


* Or to be more accurate, the breadth of the shadow vanes from a maximum 
of 89' 14" to a minimum value of 76' 38", the maximum value being reached 
when the moon is nearest the earth (perigee) and the earth at the same time 
farthest from the sun (aphelion), the minimum value being attained when 
these conditions are rever<?ed 
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knowing the earth's radius and the semiangle 0 of the cone. 
For, since the angle 0 is so small (being equal to s - jt?), we 
may assume that r, the radius of the earth, coincides with an 
arc of the circle whose centre is Fand radius VE (fig. 68). 
Therefore it follows at once from circular measure that 

0" r 

206265" ~ EF' 

206265" r 206265" r 


Taking r, the radius of the earth, roughly as 4000 miles, 
s the semidiameter of the sun as 16' or 960", and the sun's 
parallax as 8", we have 


206265 y 4000 

j^y 

960-8 


miles 


= about 860,000 miles, 
or 2)5 times the earth’s radius. 

Since the moon’s distance from the earth is only about 
sixty times the earth’s radius, wo see that the moon’s orbit 
extends for a much less distance from the earth than the 
length of the cone of shadow, and therefore a lunar eclipse 
must htappen if the moon is at one of its nodes and full at the 
same time. 

139. l§ol»r C]elipses. — An eclipse of the sun is caused 
by the interposiiion of the moon between the sun and the 
observer. As in tlie case of a lunar eclipse the moon must be 
nearly in the plane of the ecliptic. The two conditions for a 
solar eclipse are therefore : — 


(1) The moon must be m conjunction, i.e. it must be new 

moon 

(2) It must be at, or near, one of its nodes. 


In a lunar eclipse, the moon, on entering the umbra, loses 
its light, and consequently the eclipse is visible from any part 
of the hemisphere of the earth which is turned towards the 
moon. On the other hand, in the case of a solar eclipse, the 
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light of the sun is merely hidden from the observer; and the 
moon being much smaller than tlie earth, this shows that a 
solar eclipse can only be visible over a very limited area at 
the same time. 

There may be an eclipse of the sun visible from some 
portion of the earth if any pari of the moon come within the 
arc XY (fig. 68) ; and there may be a lunar eclipse if it enter 
MN, Since the arc XT' is greater than JUJY we should expect 
that more solar eclipses should occur than lunar if we count 
the eclipses observed over the whole earth ; and this in fact 
is the case ; but, as we have just seen, an eclipse of the sun 
is only visible over a very limited area of tlie earth, and 
therefore it happens that there are more lunar than solar 
eclipses seen from any particular place. 

140. There are three kinds of solar eclipses — (1) total ; 
(2) annular ; and (3) partial. When the eclipse is total the 
whole of the sun’s disc is hidden Irom view, whereas in the 
case of an annular eclipse only the central portion is darkened, 
with a bright ring surrounding it. 

In order to arrive at a clear idea as to how the moon, 
coming between the sun and the observer, can sometimes 
hide the whole of the sun’s surface from view, and at other 
times only the central portion, it should be borne in mind 
that the moon’s apparent angular diameter is not constant, 
for, on account of its elliptic orbit its distance from the earth 
is variable (Art. 113) ; the apparent diameter of the sun also 
varies, the mean values of both being very nearly equal. 
The moon’s angular diameter varies from 33' 22" when 
nearest the earth (perigee) to 28' 48" when at its greatest 
distance (apogee) , and in the case of tlie sun the variation is 
from 32' 36" to 31' 32". When the moon’s apparent diameter 
is greater than that of the sun, which occurs when it is 
closest to the earth, it will hide the whole of the sun’s 
surface from the view of an observer situated on the line of 
centres of the two bodies, causing thus a total eclipse. When, 
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however, the moon’s apparent diameter is less tlian that of 
the sun, as it is when at its greatest distance from the earth, 
it will, under the same conditions, hide only the central 
portion of the sun, giving rise to an annular eclipse. 

A very simple experiment will render the above expla- 
nation perfectly clear. If the reader take a coin, and, closing 
one eye, hold it in such a position before the other eye as to 
just completely hide the sun’s surface from view, the position 
of the coin now is similar to that occupied by the moon when 
totally eclipsing the sun. If, however, the coin be removed 
to a greater distance from the eje, keeping its centre still in 
a direct line with tliat of the sun, it will be found, owing to 
the diminution in its apparent diameter, due to the increase 
of distance, that it only hides the central portion of the sun 
from view, thus illustrating how the moon, when farthest 
from the earth, causes an annular eclips^. 

When a partial eclipse takes place, only a portion of the 
sun’s disc at one side becomes darkened, owing to the centres 
of the two bodies not being in a direct line with the observer. 
It is evident that all total and annular eclipses must begin 
and end as partial eclipses. 

To find the Length of the Cone of Shadow cast bg the Moon. 

141. Let S denote the centre of the sun, M of the moon, 
and R and r the radii of the sun and moon respeotivd} 
(fig. 69). The apex of the shadow oast by the moon will 
be at 0 where the common tangents CH and DF meet. It 
is required to find the distance MO, 

Since the triangles OSC and OMH are similar we have, 
by Euclid (vi. 4), 

OS R OM^ SM R . 

OM r ’ OM r 

therefore solving for OM and denoting SM by d we have 

rd 
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But r, the radius of the moon, is about 1076 miles, while 
rf, the distance between the centres of the sun and moon 
varies from 11,717 to 11,713 times the earth^s diameter. 
Substituting these values we find that OM varies from 28*94 



Since the distance from the raoon^s centre to the surface 
of the earth varies from 28 to 31 diameters of the earth, it 
follows that the observer may sometimes be situated at E 
(fig. 69) inside the cone of shadow, and at other times at E\ 
beyond the point 0, where the cone tapers to a vertex. In 
the former case a total eclipse takes place, the moon subtend- 
ing a greater angle than the sun, and in the latter case an 
annular eclipse occurs, the portion of the sun’s surface liidden 
from view being represented by the inner circle QN (fig. 69), 
marked off by tangents drawn from E' to the surface of the 
moon, and produced out to meet the sun. 

To calculate the Conditiom for a Lunar or Solar Eclipse. 

142. liunar £c1i|ise. — Let 0 (fig. 70) represent the 
centre of the section of the earth’s shadow at the distance 
of the moon, and M the centre of the moon when touching 
the shadow externally. MN represents the apparent path 
of the moon, NO the ecliptic, and N the position of the 
node. 
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Now it is evident that an eclipse of no portion of the 
moon’s surface can take place unless tlie distance between 
the centres of the moon and shadow becomes less than MO. 


o 


But MO = (semidiam. of shadow) + (semidiam. of moon) 
= a + 

But cr = p' + - s (Art. 136) ; 

MO .9 + niy 

where ^ = O^s hor. parallax = 8", 

;/= ’s hor. parallax = 57', 

5 = ©’s semidiam = 16' (mean value), 
m == ’s semidiam. ~ 15' (mean value). 
Therefore, we have 

MO = 57' + 8" - 16' + 15' = 56' (roughly). 

Similarly, for a total lunar eclipse the moon will, in the 
limiting position^ touch the shadow internally^ and we shall 
have — 

MO = (radius of shadow) - (semidiam. of moon) 
- a - m 

^p'+p-s — m- 26' (roughly). 

Therefore it is impossible for a lunar eclipse to occur if 
the distance between the centres of the moon and shadow 
exceeds 56', and for a total eclipse the distance cannot 
exceed 26'. 

143. l§olar ICellpse. — We have seen (Art. 137) that the 
angular radius of the section of the cone where the moon 
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crosses it in conjunction at ZF (fig. 68) is/?'- + 5 ; there- 
lore, it is evident that the limiting distance of the moon 
irom the centre of the section for a partial eclipse of the 
sun is + s + w or about 88', the limiting distance for 
a total eclipse being p -p -¥8- m or 58'. 

As the moon’s orbit is inclined at such a small angle 
to the ecliptic (5°), the distance MO must be nearly per- 
pendicular to the ecliptic, and therefore is almost equal to 
the latitude of the moon ; but, as the latitude of the moon 
varies from 0° to 5^, we see that an eclipse can only take 
place very near a node. 

144. Definition. — The greatest distance (measured along 
the ecliptic) of the moon from the node, when m opposition, 
at which an eclipse can happen is called the Lunar Ecliptic 
Limit Thus, in fig. 71, the apparent path of the moon 
is represented by MNy the moon being taken just touching 
the shadow when nearly in opposition ; then the distance 
NO will represent the distance, measured along the ecliptic, 
of the moon from the node when in opposition [i e, the pro- 
jection on the ecliptic of the moon’s distance from the node 
when in opposition), and is therefore the ecliptic limit. 


To find the Lunar Ecliptic Limits 
145. In order to calculate the ecliptic lim it AO, in the 
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spherical triangle MONj the aic MO is known, being the 
Slim of the semidiaraeters of the shadow and the moon (by 
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Art. 142, MO- p' + /) - 6 + w) ; the angle N, the inclination 
of the moon’s orbit to the ecliptic is also known, being about 
6 , and the angle M is a right angle (since OM is the shortest 
distance from 0 to 3rN ) ; therefore, the arc NO can be 
calculated. 

major and minor liimlts. — The lunar ecliptic limit 
IS not a constant quantity, as (he par.illax and semidiameter 
of both the sun and moon are variable. Moreover, the 
inclination of tlie moon’s orbit varies from 5° 20' to 4^^ 57'. 
All these causes combine to produce considerable variations 
in the limit. When the moon is nearest the earth and the 
earth farthest from tlie sun, and at the same time tlie angle 
ef inclination of the moon’s orbit least, the ciicurastances 
are then most favou>y(ble for an ecli})se, which may, therefore, 
take place at a greater distance from the node tlian at any 
other time. Under these circumstances the magnitude of 
ON is found to be 12° 5', and is called the Major Ecliptic 
Limit 

On the other hand, when the moon is farthest from the 
oarth, the earth nearest the sun, and the angle at N (fig. 71) 
greatest, the circumstances aie most unfaiouiahle for an 
eclipse, and the moon must be mucli closer to the node than 
in the former case, in order that an eclipse sliould occur. 
Under these conditions ON is found to be 9° 30', and is 
called the j\Iinor Ecliptic Limit. 

When the distance of the moon from the node at oppo- 
sition is within the major limit the eclipse may take 
place, but within the minor limit it must take place. 

146. fitolar Kclifitlc lilnilts. — There is also an ecliptic 
limit for the sun, viz the greatest distance (measured along 
the ecliptic) of the moon from the node, when in conjunction, 
consistent with a solai eclipse. The maximum and mini- 
mum values are also called tlie major and minor limits ; the 
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former being 18'^ 31' within whicli a solar eclipse may take 
place, and the latter 15° 21' within which it muat occur. 

147. In (Art. 126) it was seen that the moon’s nodes 
have a retrograde motion on the ecliptic, making a complete 
revolution in 18^ years. From this it was proved (Art. 127),. 
that the synodic p<*riod of revolution of the line of nodes 
is 346*62 days, or, in otlier words, we might say that the 
sun separates from the line of nodes through 360° in 346*62 
days. Therefore, in one synodic lunar month of 29^ days,, 
the sun separates from a node tlirough an angle 


360° X 29*5 
346 62 


30° 38'= 30°^ nearly. 


As the comparison of this result with the solar and lunar 
ecliptic limits enables us to calculate the frequency of 
eclipses, it is of importance that the student should 
remember the approximate values of the following quan- 
tities : — 

Major Minor 

Lunar ecliptic limits, . 12° 9°^ 

Solar ecliptic limits, . 18°^ 15°^. 

Relative motion of sun = 30° in each lunation. 
Period of sun’s revolution = 346 days. 

Period fiom node to node = 173 days. 

Six lunations = 6 x 29 J = 177 days. 

— It is evident that during either a lunar or solar 
eclipse the distances of the sun and moon from the nearest 
node are nearly equal. 


To determine the Frequenci/ of Ecbp^. 

148. Xieast Possible dumber, — Let N and n repre- 
sent the moon’s nodes (fig. 72). Cut off, on the ecliptic 
distances JV'i, NT/, nl, nV eacli equal to th^lunar ecliptic 
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limit; and similarly NS, N8\ us, m' each equal to the solar 
ecliptic limit. Now as the sun moves with reference to the 
nodes through in one synodic month, it follows that 
he will take more than a month in moving through the arc 
8S or s/; for the least value of these arcs, being double the 
flunks minor limit, is 31°. Hence at least one new moon, 
and therefore one solar eclipse, must occui- within each of 
these arcs //vf\ 
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On the other hand, the least value of LL* or If, being 
twice the moon’s minor limit, is only 19°, and the sun 
traverses each of these arcs in mucli less than a month 
(about 18 days) ; therefore, it is possible that there may 
be no full moon near either node, and therefore no lunar 
eclipse during the year. Hence the least possible number of 
eclipses in a year is tno, both of the sun. 


149. Greatest PoMsIble IVumlier.— The sun takes 
173 days to pass tiom iVto u (fig 72), or 4 days less than 
six lunations (177 days) , therefore, when tlie moon happens 
to be full two days before the sun arrives at N, there will 
also be a full moon 2 days after his passage through w, thus 
rendering a lunar eclipse very close to each node a certainty. 
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But if a lunar eclipse occur 2 days before or after the sun’s 
passage through a node, there may also be two solar eclipses 
near that node, viz. at the preceding and following new 
moon ; for, in half a lunation, or 14-J days, the sun moves 
through 15^^; and even if to this we add the arc gone 
thiough in 2 days, the result is still well within the sun's 
major ecliptic limit. Therefore, there may be one lunar 
and two solar eclipses at each node in a period of ^346 days. 
But if the eclipses within SS' (fig. 72) occur in January, 
there will be ample time before the year is completed for 
the sun to arrive a second time within SS\ There will 
now be another solar eclipse near S, followed by a lunar 
eclipse 6 (u/^s after the htins pa.ssafje through N'. There will 
not now, however, be a solar eclipse near S\ as the following 
new moon will take place outside the sun’s major limit. In 
all, we have counted eight eclipses in 12 J lunations or 368 
days, viz. five of the sun and three of the moon. But all 
these eight eclipses cannot happen in a year (365 days) ; 
therefore one, either a solar or lunar, will have to be omitted. 
Hence the greatest 2)ossible mmiber of eeltpses in a year is seven, 
five of the sun and tuo of the moon, or four of the sun and three 
of the moon. 

In every 18 years there are generally 41 eclipses of the 
sun to 29 of the moon. 


Chaldean Saros, 

150. The synodic period of the moon’s nodes being 
346*62 days, and a lunation being 29 53 days, we therefore 
have — 

19 synodic revolutions of node = 19 x 346*62 days 

= 6585 days ; 

also 223 lunations = 223 x 29*53 = 6585 days. 

Therefore, we see that after every period of 6685 days, 
which are equivalent to 18 years 11 days or 18 years 
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10 days, according as there are four or five leap years m 
the interval, the sun and moon will return to nearly the 
same positions relative to the nodes feach having made an 
exact number of revolutions), and therefore the eclipses 
will repeat themselves in the following cycle in the same 
order as in the previous one. This period is called the 
Chaldean Saros, as, by means of it, tlie Chaldeans were 
enabled to foretell the occurrence of eclipses. 
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CHAPTER XI. 

TIME. 

Mean and Apparent Time. Equation of Time. 

151. We explained in Chapter III. the difference be- 
tween sidereal and solar time. The sidereal day is of 
constant length as the rotation of the earth on its axis is 
uniform. The length of the apparent solar day, however, is 
variable, as the sun’s rate of change of right ascension is not 
uniform throughout the year. On account of this inequality 
a clock cannot be regulated to point to 12 o’clock just when 
the sun is in the meridian. Accordingly our clocks, instead 
of keeping apparent solar time keep mean solar time as indi- 
cated by the motion of an imaginary body called the mean 
sun^ which is supposed to move uniformly in the equator at 
the same mean rate as that of the true sun in the ecliptic. 

Definition. — A mean solar day is the interval between 
two successive transits of the mean sun across the meri- 
dian. 

As the mean sun changes its right ascension at a uniform 
rate we see that the length of a mean solar day is constant. 
The hour-angle of tlie mean sun at any instant measures the 
mean time at tliat instant, while that of tlie apparent or real 
sun gives the apparent time, or time as indicated by a sun- 
dial. 

152. Definition. — The equation of time is the difference 
between the mean and the apparent time. It is counted 
positive when the mean exceeds the apparent time, and 
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negative when the latter exceeds the former. Therefore we 
have — 

(Mean Time) - (Apparent Time) = (Equation of Time), 
or (Clock Time) - (Dial Time) = (Equation of Time). 

As the true sun moves in the ecliptic and the mean sun 
in the equator, the motion of the former being variable, and 
of the latter, uniform, we see that the equation of time is due 
to two causes : — 

(1) The variable motion of the true sun xn the ecliptic owing 

to the eccexitricitg of the earth's orbit. 

(2) The obliquity of the ecliptic to the equator. 

We shall now consider each of tliese causes separately, and 
by combining their effects we shall be able to see bow the 
equation of time varies throughout the year, when it reaches 
a maximum, and at what periods it vanishes. 

Equation of Time due to Unequal Motion of Sun. 

153 On December 31st, at perihelion, or, in other words, 
when tlie earth is nearest the sun, its velocity is greatest 
(Art. 68), and tlierefore the rate at which the sun moves from 
west to east along the ecliptic will, at this period, be greater 
than the mean rate. As the eai’th turns on its axis from 
west to east this would cause the apimrent or true solar days 
to exceed in length the mean solar days, and, if a sun-dial 
and a clock be started together at perihelion, the apparent time 
will gradually get behind mean time^ so that the sun-dial will 
lose compared with the clock. This will continue for about 
three mouths until the rate of the sun in the ecliptic becomes 
equal to its mean rate. Hen(^ that component of the equa- 
tion of time, due to the unequal motion of the sun, reaches 
at the end of March its greatest positive value, viz about 
7 minutes. The sun-dial will now begin to gain on the 
clock what it lost in the preceding three months, until 
aphelion (July Ist) is reached, when it will coincide with 
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the clock, and the equation of time, in so far as it is due to 
the unequal motion of the sun, vanishes. 

Similarly we can see tliat from aphelion to perihelion the 
equation of time, due to this cause, is negative, having a 
maximum value of - 7 minutes at the end of September. 


Equation of Time due to the Obliquity of the Ecliptic, 


154. Even if the sun's motion along the ecliptic were 
uniform, his rate of change in right ascension would still be 
variable on account of the obliquity of the ecliptic to the 
equator. Let us now suppose that the true sun 8 and the 
mean sun Sx (fig. 73) start together at the vernal equinox r, 
the former moving in the ecliptic and the latter in the 
equator; they will again be together at the autumnal 
equinox and also their right ascensions will coincide at the 
two solstices. Hence that portion of the equation of time 
due solely to the obliquity of the ecliptic becomes zero four 



Again, when the true sun is at 8 (fig. 73) his right 
ascension is r (PSK being the arc passing through the 
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celestial pole and the sun’s centre. But the position of the 
mean sun Si (as affected hy the obliquity of the ecliptic 
alone) would be obtained by cutting off T Si == T S, Si falling 
to the east of K, since t S, being the hypotenuse of the 
right-angled spherical triangle T SKy is greater than T K, 
Therefore the true sun, being to the west of the mean sun, 
will each day cross the meridian first, the sim-dial being faster 
than the clock. Hence this portion of the equation of time 
is negative y its greatest value being about - 10 minutes. 
Similarly we may see that from solstice to equinox the dial 
will he slower than the clocky and the component of the equa- 
tion of time will be positive y having a maximum value of + 10 
minutes. 


Combination of the Tuo Components, 

155. Let X = that portion of equation of time due to the 
unequal motion of the sun. 

Y = that due to obliquity of the ecliptic. 

If we summarize the above results we have — 

(1) X vanishes twice each year, on December Slst and 
July 1st, and varies from a maximum of + 7 minutes at end 
of March to - 7 minutes at end of September. (See dotted 
curve, fig. 74.) 

(2) Y vanishes four times each year, at the equinoxes and 
solstices. From equinox to solstice Y is negative, and from 
solstice to equinox, positive, varying from a maximum of 
+ 10 minutes to - 10 minutes at intermediate points. (See 
continuous curve, fig. 74.) 

(»5) The sum or difference of X and F, according as they 
are of the same or opposite sign, gives the equation of tfcne 
iny imLmt (See curve, fig. 75.) 
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The Equation of Time mnishes four times each Year. 

156. We have seen that the equation of time is equal to 
the algebraic sum of -X and F; the maxima values of Fbeing 
+ lOm, - lOnif + 10m, - IOa/^, 

which occur in tlie months 

February, May, August, November. 

Now as X has never a greater numerical value than ± 7 
minutes it follows that, in the four months mentioned above, 
the equation of time (X + F) must have the same sign as F, 
whether X is positive or negative. Hence it follows that the 
equation of time has at least four changes of sign throughout 
the year, viz. : 

and theiefore, on changing from positive to negative or mce 
versa, must at least on four occasions pass through a zero 
value.* 

The dates on which the equation of time vanishes are 
about April 16, June 15, September 1, and December 25. 
The greatest positive value is 14® 28® on February 11, and 
the greatest negative value 16® 21® on November 3. (See 
the curve in fig. 75 ) 


157. We can now repiesent graphically how the equation 
of time varies throughout the year, when it reaches a maxi- 
mum, and at what periods it vanishes. 



Tlicse Clines tin* the l\s() ( oiujxinonts of tlic 

« emtioTi of time 


* Tliat it docs not vanish <jftciiei than four times each }cai appeals liom 
an examination of the curve in hg 75. 
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In fig. 74 the dotted curve represents the component due 
to the unequal motion of the sun, and the continuous line 
that due to the obliquity of the ecliptic. In fig. 75 is a single 
curve representing the combined effect of the otlier two, the 
equation of time corresponding to any point on the curve 
being represented by the perpendicular distance of the point 
from the zero line. Thus the equation of time corresponding 
to is represented \}y pm. All poitions of the curve below 
the zero line represent negative values. The periods at which 
the equation of time vanishes are represented by tlie points 



Uio 75 

The cunu lepiesents the vaiuti -ih m the equation ot lime tound hy combining 
the two components whose i urves aie gi\eii in tlie pieteding faguie 


Morning and Afternoon unequal in Length, 

158. The interval of time from sunrise until the sun is 
in the meridian (apparent noon) is equal to the interval from 
apparent noon to sunset, neglecting tlie small change in 
the sun’s oeclination througliout the day. But mean and 
apparent noon do not in general coincide ; therefore, morning 
and afternoon, as measured by our clocks, are not of equal 
length, tlie former being less (algebraically) than half the 
interval between sunrise and sunset by the equation of time, 
the latter being greater (algebraically) by the same amount. 
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Hence the lengths of the morning and afternoon always 

differ by twice the equation of time, so that 

(length afternoon) - (length morning) = 2 (equation of time). 

Immediately after the winter solstice, tlie afternoons begin 
to lengtlien, while tlie mornings still continue to get shorter. 
The explanation of tliis is simple. 

For the sun being at the winter solstice he, as it were, 
stands still for some days, during which time we may regard 
his declination as constant. The interval between apparent 
noon and sunset, therefore, remains constant. But as the 
equation of time is at this period increasing (see curve, 
fig. 75), mean noon precedes apparent noon by a greater 
amount each day. Hence the mean time of sunset increases 
and the afternoons get longer. 

Similarly, it may be shown that while the apparent 
time of sunrise remains the same, the mean time of sun- 
rise increases each day, and, consequently, the mornings 
are shortened. It is, however, to be borne in mind that 
very soon the increasing declination of the sun causes the 
mornings to lengthen as well as the afternoons. 


Exampj.p:^. 

1 Given mean time = 12'" 20* p m , and the equation of time = + S'" 25* , 

find app.iient time 

Afis 5^ O'" 65* pm. 

2 Given apparent time = 10^ 4'" 15* am , on November 3, when the 
equation of tune lias its gieatest negative value, viz Ifif" 21* , find mean time. 

Afis 9^* 47'" 54* a m 

3 Find the mean tune of apparent noon in questions I and 2 

Aiis 1 25* p m 

2 11^43'" 39* am 

4. On Nov 3, the sun-dial is 16*" 21* faster than the clock Given that 
the sun rose at 6^' ST"™ a m. , find the lime of sunstt. 

Ans 4^ 30*" 18* p m 

5 Given that the sun rose on a ceitam date 6^ 54*" a m , and set at 
4^ 33*" p.m , find the equation of time 

Ans - 16*" 30*. 

G In question 5, by how much does the length of the morning exceed the 
length of the afternoon ? 


Ans 33*". 
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Local Time, 

159. As the earth rotates uniformly on its axis from 
west to east, it is evident that the further east a place is 
situated the sooner will the sun cross the meridian of that 
place, and, tlierefore, the later will be the local time. 

When it is noon at any place it will be 1 o’clock p.m. 
15° to the eastward, and 11 o'clock a.m. 15° to the westward 
of that place. For : — 

correspond to 24 hours ; 

15° „ to 1 hour 

Given the longitudes of two places (A and J?), and the 
time at one of them (A), to find the time at the other (J5). 

Rule. — Vitide the algehaic difference of the longitudes by 
15, which giccb the di fference of the local times. Add this result 
tOy or subtract from^ the given time at A^ according as B u east 
01 west of A^ and the result ivill be the tune at B, 


Example. — Emd the tune at New York (long. 74^^ 10' W ) when 
it IS 3 o^clock, P.M. at Dublin (long 6° 20' W.). 

Heie the difference of longitudes = 67° 50'. 

On dividing by 15, we get : — 

Difference in times = 4** 31™ 20*. 

New York being west of Dublin, the time is earlier. There- 
fore, subtract 4*' 31™ 20* from 3pm, that is, from 15 hours. 

H. M S. 

15 0 0 

4 31 20 

New York time = 10 28 40 a.m. 

Should one longitude be east and the other west, their 
algebraic difference will be got by adding the longitudes. 
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N,B , — In the same way, when given the sidereal time at 
one of two places wliose longitudes are known, the sidereal 
time at the other place can be found ; for the earth turns on 
its axis through 360° relative to the fixed stars in 24 sidereal 
hours, and therefore 15° relative to the fixed stars correspond 
to 1 sidereal hour. 

To reduce a given Interval of Mean Time to Sidereal Time, 
and vice versa. 

160. Tliere are 365^ mean solar days in the year, and 
366:|- sidereal days, the sun making one less diurnal revolu- 
tion than the fixed stars, on account of his annual motion in 
the ecliptic ; 

365^ mean solar days = 366:J- sidereal days. 
Therefore, if m be any inteival of mean time, and s the 
corresponding interval ot sidereal time, we have — 

365| • 366| : : : 5. 

From which, it m be given, s can be found, and vice versa. 



1 Express in sidereal time an inteival o* 16'‘ 15*" 23* mean time 

Afis 16i» IS"* 3*. 

2. Express in mean time an interval of 12^ 16™ 26* sidereal time 

A?^ 12'^ 14™ 16*. 

N £. — We cannot convert, by means of the above 
formula, the actual mean time at any instant in sidereal 
time, or vice versa. This is done as follows : — 

Given the Sidereal Time at any instant at Greenwich, to find 
the Mean Time at that instant. 

161. Let AQ (fig. 76) represent the meridian, tQ the 
celestial equator, and m the mean sun. 
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Then Qr = sidereal time (expressed in arc), 
Qm = mean time (expressed in arc), 
trifle = right asoonsion mean sun. 

But Qm = Qr - 



Fm 76. 


Now, let 

M = mean time at any instant expressed in mean houis, 
8 * tlie corresponding sidereal time expressed in sidereal 
hours, 

R = the riglit ascension of the mean sun at tlie instant 
expressed in sidereal hours, 

and 

Ro = the riglit ascension of the mean sun at Greenwich 
mean noon expressed in sidereal hours. 

Now 

arc mQ = M degrees, because the mean sun passes over 
15° in one mean hour; 

arc tQ = 15 /S degrees, because Aries passes over 15° in one 
sidereal hour; 

and 

arc = 15 JK degrees, because 15° of right ascension equals 
one sidereal houi*. 

im = 158 - 15i?, 
or M ^ 8 - R; 


o 
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or Mean time (expressed in mean hours) « Sidereal time 
(expressed in sidereal hours) - Biglit Ascension of 
mean sun at the instant (expressed in sidereal hours). 

Again, the interval between the sidereal time at the 
instant and the sidereal time at the preceding mean noon 
= S - J?o sidereal hours. 

But in 1 sidereal hour ^ passes over 15*^ ; 


in 1 sidereal hour m passes over 15^ x 


365 |^ 

366|’ 


in 1 sidereal hour r gains 15° 



on m; 


in S-So sidereal hours ^ gains 15 °(aS-jB^)(^ 1 - 
wit - 15"i2. + 16°(-S- J2.)(l - 


or 

but 


31 =S- B 


on 1 ) 1 ; 




Therefore to reduce sidereal time to mean time at any 
instant at Greenwich, we have the following rule : — 


Rule . — From the given sidereal time subtract the right 
ascension of the mean sun at noon^ and reduce the result to mean 
time. 


The Nautical Almanac gives the right ascension of the 
mean sun at noon for each day at Greenwich. The right 
ascension of the mean sun at noon is evidently the same as 
the sidereal time of mean noon. 
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Example. — Given sidereal time * 5** 32“ 37* and the right 
ascension of the mean sun at mean noon = 7^ 37“ 32*, find mean 
time. 

H. M. H, 

Here sidereal time = 5 32 37 (-t- 24) 

11 A. mean sun at noon 7 37 32 

Mean time = 21 56 5 

(Expressed in sidereal hours, &c.) 

Reducing this to mean hours, &c., we get the mean time = 
21** 51“ 30* or 9** 51“ 30* a.m. 


Given the mean time at any instant at Greenwich, to find 
the sidereal time at that instant. 

Proceeding as before we obtain 

15 S degrees = 15 J/ degrees + 15 R degrees, 
iS = M + Ry 

or sidereal time (expressed in sidereal hours) = mean time 
(expressed in mean houis) + Right Ascension of mean sun 
at the instant (expressed in sidereal hours). 

Again, in 1 mean hour m passes over 15° ; 

OOC 1 

in 1 mean hour <y' passes over 15° x 


in 1 mean hour cy> gains 15° 


- 1 ) on niy 


in M mean liours T gams 15° M ( - 1 ) on wi, 


16' = 15'i?o + l), 

S - iZ + -B, 


but 
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This may be expressed as follows : — 

Rule I . — To Uq, the right ascension of the mean sun at noon 

in sidereal hours^ tn this right ascension during M mean solar 
hours ^ which gives the right ascension of the mean sun at the 
instant expressed in sidereal units. If we add this corrected 
light ascension {expressed in sidereal units) to the mean time 
{expressed in mean umts)^ ue obtain the sidereal time at the 
instant {expressed in sidereal units). 

This rule can, however, be simplified as follows . — 

The formula 

reduces to 8 = M , + jKo. 

oboi 

Hence the above rule becomes : — 

Rule II . — Reduce the meantime to sidereal unitSy and add 
the result to the right ascension of the mean sun at noon 
{expressed in sidereal units ) ; the i esult is the i eqmred sidereal 
time {expressed in sidereal units). 


i e., the change expressed 


in sidereal hourSy add 




EXiiMPLE. — Given mean time = 3*^ 20"* 50' p.m., when the right 
ascension of the mean sun at mean noon is 16** 32“ 9*; find sidereal 
time. 

First method, according to llule I. — 

Sideieal time = mean time + 11. A. mean sun. 



u. 

M. 

s. 

Heie K. A. mean sun at noon - 

16 

32 

9 

Change in 3‘* 20“ 50* 

0 

0 

33 


16 

32 

42 

Mean time = 

3 

20 

50 

/. Sidereal time = 

19 

53 

32 
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Second method, according to Rule II. — 


Mean time 

H. 

= 3 

M. 

20 

8. 

50 

Mean time reduced to sidereal units 

= 3 

21 

23 

R. A. mean sun at noon 

= 16 

32 

9 

.*. Sidereal time 

= 19 

53 

32 


To convert the etdeieal time at a given meridian, not that of 
Greenwich^ into the corresponding mean solar txme^ and vice 
versa. 

162, As the Nautical Almanac only gives the right 
ascension of the mean sun for mean noon at Greenwich, 
therefore, for any other meridian, we will have to proceed 
as follows : — 

Rule . — Reduce the giten time^ whether it he sidereal or 
mean solar^ to the corresponding Greenwich time (Art. 159). 
Then^ knoutng the iZ. A» of mean sun at noon^ the Greenwich 
sidereal time can be changed as above into mean solar time, or 
vice versa, and the result reduced back again to the meridian of 
the given place. 

Example, — Assuming that on a certain day at Greenwich the 
Aght ascension of the mean sun was 10 hours at 12 o’clock, find 
for a place whose longitude is 60® west, the time by an ordinary 
clock on that same day, when the time by an astronomical clock at 
the place was 14 hours. (Degree, T C.D., Hilary, 1893.) 

Here, local sidereal time =14 sidereal hours; 

Greenwich „ = 14 + = 18 sidereal hours. 

But mean time = sidereal time - R. A. mean sun 
= 18-10 = 8 sidereal hours. 

But 8 sidereal hours = 7*^ 58“ 41* mean time (Art. 160) ; 

Greenwich mean time = 7** 58“ 41* p.m. 

But difference between Greenwich and local mean times = 4 
mean solar hours. 

Local mean time = 3** 58“ 41* p.m. 
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To find at what time a Star will cross the Meridian. 

163. Let X (fig. 77) represent a star in the meridian AQ. 
Then, m being the mean sun, we have — 

T Q = 11. A. of star, 

« R A. mean sun, 

Qm == mean time of star’s transit (in arc). 



Therefore, we have the following equation, all the quan- 
tities being supposed expressed in arc - — 

(Mean time of transit) * (R. A. star) - (R. A. mean sun) 

Example. — Find at what time a Aquil® will cross the meridian 
of Greenwich, being given the right ascension of the star 
= 19** 43“ 51*, and the right ascension of the mean sun at Greenwich 
mean noon = O*' 6“ 40*. 

H. M. 8. 

R. A. star = 19 43 51 

R. A. mean sun = 0 6 40 

Mean time of transit = 19 37 11 (in sidereal units). 

Reducing 19*^ 37“ 11* to mean time (Art 160), we get — 

H. H. 8. 

Mean time of transit =-19 33 58 after mean noon 
= 7 33 58 a.m. 
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When the transit is across some other meridian 
than that of Greenwich, a correction must be made for the 
change in the position of the mean sun corresponding to the 
difference of longitude of the two places. This correction is 
made in the same way as in Art. 162. 

Equinoctial Time, 

164. In addition to the apparent, mean solar, and sidereal 
times, another kind of time is sometimes used which is inde- 
pendent of the position of the observer on the earth. 

The Equinoctial Time at any instant is the interval, mea- 
sured in mean solar days, hours, &c., since the preceding 
vernal equinox. 

The Calendar, 

165. The ordinary civil year contains an exact number 
of days, viz. 365. But the time taken by the sun to com- 
plete a revolution in the ecliptic is about 365J days. The 
exact interval between two successive vernal equinoxes is 
365^ 5^ 48"^ 45 5®. This period is called a Tropical Year. 

A Sidereal Year, or the time taken by the sun to return to 
the same position relative to the fixed stars, is slightly longer 
than the tropical year on account of the precession of the 
equinoxes. 

Thus, by taking the civil year as 365 days, there is an 
error compared with the tropical year of 5^ 48“ 45*5®, which 
in four years amounts to 23*^ 15“ 2®, or very nearly a day. 

If this error were not corrected, the result would be that the 
dates of the equinoxes and solstices would be later by one 
day every four years. 

166. The first exact attempt at approximating the length __ 
of the civil to that of the tropical yeartvasmade in the^lime 

of Julius Caesar. It was then agreed that an additional d^y 
should be given to every fourth year, which was to contain ^ 
866 days. Such a year is called a bissextile or leap pear. 
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Those years are chosen as leap years, which are divisible by 
4 without remainder, such as 1888, 1892, &c. 

The Calendar constructed in this manner is called the 
Julian Calendar. 

According to the Julian Calendar a correction is made of 
one day every four years. But one day, or 24 hours, is in 
excess of 23*^ 15“ 2® by about 45 minutes. Thus the correc- 
tion by means of leap year leads to a new but very much 
smaller error of about 45 minutes in four years, or an aver- 
age of rather more than 11 minutes each year. This error, 
in 400 years, would amount to nearly three days. 

Hence we have the Gregormn correction to the Julian 
Calendar adopted by Pope Gregory XIII. in 1582, according 
to which each year which is a multiple of 100, such as 1700, 
1800, 1900, which, by the Julian Calendar, are leap years, 
should be ordinary years, with the exception of those years 
in which the number of the century is divisible by 4 without 
remainder, such as 2000, 2400, which should remain leap 
years. This arrangement evidently makes the required cor- 
lection of three days in 400 years. 

Even with the Gregorian correction there is still a very 
small error, which, however, would amount to not more 
than a day in 20,000 years. The Gregorian correction was 
not adopted in England until the year 1752, when the 
accumulated error, as compared with the corrected calendar, 
amounted to eleven days Eleven days of that year were 
therefore skipped, the 2nd of September being called the 
. 13th. 

^ In Russia, where the Julign^^lendar is still adhered 
to, the dates are thirteen days behind those of the rest of 
Europe. 


The Sun-dial, 

167. In a sun-dial the apparent time is indicated by 
means of the shadow cast by a rod of metal on a horizontal 
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plane. The rod is called a gnomon or stile. The gnomon 
points to the celestial pole, and, therefore, makes an angle 
with the horizontal dial-plate equal to the latitude of the 
place. 

The principle on which the sun-dial is constructed can 
be easily understood by supposing the observer situated at 0 
(fig. 78), the centre of a sphere, OiV being the direction of 
the celestial pole. If 12 equidistant great circles be drawn 
through iV'and 8, the sun II will, in his diurnal motion, be in 
the plane of one of these circles at the termination of each hour, 



Fig 78 

and the shadow cast by a gnomon fixed in tlie direction ON 
will coincide each hour with one of the numbers 1, 2, 3, &o., 
which mark the intersection of the hour-circles with the 
horizontal circle AB. A horizontal sun-dial is, therefore, 
graduated into intervals proportional to the spaces between 
tliese intersections. Hence these graduations on a dial-plate 
which mark the hours are not generally at equal intervals 
apart, as they would be if the plane of AB were at right 
angles to NS. The 24 hour-angles, however, subtended at 
the celestial pole N are all equal. 
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Some sun-dials are constructed with the dial-plate vertical 
instead of horizontal. In this case the graduations corre- 
spond to the intersections of a vertical circle, whose centre is 
0, with the hour-circles passing through N and S. 


Exampi.es. 


1 The times of tho sun’s using and setting on November let are 6'' 56™ 
and A*' .52™, respectively , find appioximately the equation of time 

Am - 16™. 

2 Convert 22^ 26™ 1* sidereal time into mean solar time for the meridian 
ot GreenMuh, being given the R A of mean sun at mean noon ns 24*' 4™ 17* 

Am. 2*' 21™ 21* 

3 In question 2, (on\eit 2*' 26™ 12* mean solar into sidereal time foi the 
same ni endian 

Am 20'' 30™ 53* 

4 At New York, in longitude 74° 10' W , an obsei vation is made on August 
2oth, 1893, at 6*' 3™ 4* mean solar time , find the coriesponding sidereal time, 
being given fiom the “ Nautical Almanac ” that the sideieal time of moan noon 
(R A mean sun at noon) at Greenwich on above date is 10*' 15™ 54* 

Am 16*' 20™ 46* 3 

5 Mars icvoUes on its axis m24*‘ 37™, and lound the sun in 686 days, 
find by how much the mean solar day on Mars exceeds t hat o f the sideieal day 

.Inb 2 ™ 9 ' 

6 Find the R. A of the tiue sun at true noon on No\embei 25th, 1893, 
being g ven the lolloping from the “Nautical Almanac” foi 1893 — 

Equation of time at mean noon Nov. 25th = - 12™ 45* 

Sidereal time of mean noon on Sept 2nd = 10*' 47™ 26* 

Here the R A of mean sun at mean noon on September 2nd * 10*' 47™ 26*. 

But increase m the R. A fiom September 2ad to November 25th 

u 1 

= 24 X — = 5*' 31™ 10’ 

360^ 

R. A. of mean gun at mean noon on November 25th * 16** 18™ 36*. 

But change in R A in 12™ 45* = 2* ; 

R. A. of mean sun at true noon = Id** 18™ 34*. > 
But true sun’s R A. - mean sun’s R. A «= equation of time 
.*. true sun’s R A. - 16** 18™ 34* « - 12™ 24* , 
true sun’s R. A. at true noon « 16*' 6™ 10*. 
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7. (1) The maximum values ot the equation of time due to the obbquity of 
the ecliptic being ±10 minutes, and due to the cccentncity of the earth’s orbit 
t 7 minutes, show that the equation of time vanishes four times a jear 

(2) How many times a year would it vanish were the magnitudes of the 
maxima reversed? 

(1 ) see Art (156). 

(2) twice 

8 Find the mean solar time at Madras, longitude 80° 14' 19' E , corre- 
sponding to appaieiit time 8pm theie on September 6th, 1893, being given 
the following fiom the “Nautical Almanac” for 1893 — 

At Gieenwich, mean noon 
Equation of time on September 6th = — 1"" 52* 22 
,, „ „ 7th = - 12» 42. 

Ans. 7^ 58™ 5* 54 

9 The longitude of Dublin being 6° 40' W , and that of Pans 2° 20' E , 
find the time at Pans when it is 11 30 a m at Dublin 

Atts 12^ 6™ 

10 The longitude of Pulkowa being 30° 19' 40" E , and that of New” Yoik 
74° r W , find the time at New' York when i is 3 30 p m ai Pulkowa 

Ans 8^ 32™ 37* a m 
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CHAPTER XIL 

APPLICATION TO NAVIGATION 

168. By observing the heavenly bodies, we are enaoled 
to determine the latitude and longitude of a place on the 
earth or of a ship at sea. But the instruments used in a fixed 
observatory would be altogether useless at sea, owing to tlie 
motion of the ship. For the same reason, the artificial 
liorizon we avail ourselves of on land, viz. the surface of a 
vessel of mercury, would not at sea remain a horizontal 
plane. What is required in such observations as taking the 
altitude of a heavenly body, or finding the angular distance 
between two bodies, is an instrument by means of which the 
measurement can be made by observing both objects at once^ 
and not by two successive adjustments to each object, of 
which the instability of the ship would not allow. Such 
measurements, unaffected by the motion of the ship, can be 
made with Hadley’s Sextant. 

Hadley* s Sextant. 

169. This instrument consists of a fixed framework, 
formed by a graduated arc AB (fig. 79), and two fixed arms 
AM and BM^ M being situated at the centre of the circle 
formed by AB. Another arm VM turns round the centre 
J/, its other extremity V travelling along the graduated 
arc AB. This movable arm carries a small mirror at J/, 
called the index glass, which moves with the arm, its plane 
being perpendicular to the plane of the instrument. On one 
of the fixed arms BM is a fixed mirror N called the horizon 
glass, whose plane/ is parallel to the other fixed arm AM, so 
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that when the movable arm FM coincides with JM two 
mirrors are parallel, that 
18 , their angle of inclina- 
tion is zero. The point A 
of the graduated arc is, 
for this reason, the zero 
point of the scale. Half 
of the horizon glass is sil- 
vered, so as to act as a 
mirror, the other half being 
plain glass, and therefore 
transparent. A small tele- 
scope T is fixed to the 
arm AJI/j and directed to 
the liorizon glass. 

170. Let us now see how, by means of this instrument, 
the angular distance between two objects such as JI and S 
(fig. 79) can be found. The sextant is held so that its 
plane passes through both objects, and in such a position 
that, in looking through the telescope, one of the objects J? 
can be seen through the unsilvered half of the mirror Jf, 
The mirror M is then rotated by means of the arm FJU until 
the image of S coincides with that of ff. In this case the 
rays from S are doubly reflected, first from the index glass 
and then from the horizon glass, along the lines SMJ^T. 
Having got the images of S and H coincident, tlie arm VM 
, IS clamped, and the arc ^4 F is rQad.of[ by means of a vernier 
V at V, This i:fiading, on being doubled, gives the angular 
distance between the objects. Usually, however, the half 
degrees in the arc are numbered as whole ones, so that the 
reading of the vernier at once gives the required distance. 

The arc AV (fig. 79) evidently measures the angle at 
which the mirrors are inclined to one another, for it measures 
the angle between AM and the mirror at M, AM being 
parallel to the mirror N. 
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171. The principle on wliieh Hadley’s Sextant is con- 
structed is that the angular distance between two distant 
bodies, such as S and ff, is double the angle between the 
planes of the mirrors when the image of 8, after double 
leflection, is made to coincide with that of M. To prove 
this : the ray SM (fig. 80) is reflected from the mirror M in 
the direction MN, the incident and reflected rays making 



equal angles with 3f; let each of these angles be a. Agaiiu 
the ray MN" is reflected from the horizon glass along the 
line Off (since the two images are coincident). Let the 
angles made vrith the mirror If be each called /3. Now we 
have (Euclid, i. 32) — ^ 

The external angle 2)3 = 2tt + ^ (fig. 80) ; 

^ = 2 ^ - 2 /. 2 - a). 

For the same reason — 

(3 = a + Of 
0-/3-a- 
^ = 29. 
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But ^ is the angular distance of S from JET as observed from 
0, and 6 is tlie angle between tlie planes of the mirrors. 

172* The principal use of Hadley’s Sextant is for 
measuring the altitude of the sun. Tlie observer, holding 
the instrument upright, looks through the unsilvered portion 
of the horizon glass at that part of the horizon which is 
vertically beneath the sun ; he then rotates the movable 
arm, and with it the index glass, until the lower e<ige of the 
sun’s image just touches the horizon. Then the reading of 
tlie vernier, after correction for refraction, “dip” of the 
liorizon, and other errors, gives the altitude of the lower 
limb of the sun, to which the sun’s semi-diameter will have 
to be added, in order to determine the altitude of the sun’s 
centre. 

Tlie instrument is called a seo'tanty because the arc AB 
(fig. 79) generally contains 60®. Angular distances up to 
1 20® can therefore be measured. 


The Chronometer, 

173. Every ship carries one or more very accurately con- 
structed watches, called chronometem^ which, before leaving 
port, are set to Greenwich time. As it is of the greatest 
importance that Greenwich time should be accurately known 
during the voyage, it is necessary that the chronometer 
should go at a rate as nearly uniform as possible. It is not 
necessary that it should keep correct time, but only that the 
amount of gain or loss should be the same from day to day. 
So that this “rate” being known, the correct Greenwich 
time can be calculated by allowing for the total error accu- 
mulated since it was correctly set. 

174. Chronometers differ from ordinary watches in two 
particulars — (1) the peculiar construction of the balance 
wheel, so as not to be affected by changes of temperature ; 
(2) the “detached escapement.” If the balance wheel were 
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to consist of an entire circle, composed of one metal 
alone, then an increase of temperature would cause it 
to expand, and the time of oscillation would be increased, 
causing the watch to go more slowly. However, the 
circumference of the wheel is generally composed of three 
unconnected arcs : the external portion of each arc is brass, 
and the internal part, steel. When the temperature rises, the 
brass expands more than the steel, causing the extremities of 
the arcs to curve inwards towards the ceiitie, thus compen- 
sating for the expansion of the spokes, which cause the arcs 
to be pushed outwards. Each arc is also, for purposes of 
adjustment, weighted with little screws. The ‘‘ detached 
escapement ’’ is an arrangement by which the action of the 
main spring, which keeps up the motion, is suspended for 
tlie gi eater part of the oscillation, so that the isoohronism 
ot the balance wheel is hardly at all affected by external 
impressions. 

Latitude at Sea. Meridian Ohsenations. 

175. First Method. The latitude at sec can be found by 
taking the meridian altitude of the sun with the sextant. The 
observations commence some time before apparent noon ; and 
the altitude is repeatedly taken until it ceases to increase, and 
thus the maximum or meridian altitude is found. Also the 
sun's declination is given for each day at Greenwich noon in 
the “ Nautical Almanac,” together with its rate of variation 
per hour. Therefore, after correcting for this change in 
declination, due to the interval between Greenwich and local 
noon (Greenwich time being given by the ship's chronometers), 
we get the sun's declination at that instant. The latitude is 
now given by the formula : — 

(colat.) ± (declination) = (meridian alt.). (Art. 34.) 

In our latitudes the plus or minus sign is taken according 
as the declination of the sun is north or south. 
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Similarly, the latitude may be found by observing the 
meridian altitude of a star (or other body) whose declination 
is known, the same formula colat. + S = a, being used. If the 
star cross the meridian between the zenith and the pole the 
formula becomes colat. + S = 180 - a (Art. 34) ; and should the 
altitude be observed when the star crosses the meridian 
between P and R (fig. 20), it changes to - colat. +S=a, the 
sign of 8 being in all cases altered when it represents a south 
declination. 

It would be better, however, in numerical examples, for 
the student, in each case, instead of relying on the formula, 
to draw a diagram and directly deduce the result after 
placing the star in its proper position corresponding to the 
given measurements. 

Example — The sun’s meridian altitude on December 4th, 1893, 
is obserTcd to be 16^ 8'. The chronometer indicates 6^ 5”“ 12* 
Greenwich time. The ^‘I^’autical Almanac” gives the sun’s decli- 
nation at the preceding noon at Greenwich as 22*^ 19' 25" south, 
and his hourly change in declination as 19"’6. Find the latitude 
of the ship. 

Here we have ; — 

Sun’s declination at Gieenwich noon = 22° 19' 25" S. 

Hourly change (increasiog) = 19"*6; 

Change in 6‘‘ 5“ 12’ = 1' 59" 3 ; 

Declination at local noon = 22° 21' 24'' 3. 

B colat. - declination = meridian altitude , 

colat. - 22° 21' 24" 3 - 16° 8', 
colat. = 38° 29' 24"-3 ; 
latitude = 51° 30' 35" 7 

Ex-meridian Observations, 

176. Second Metliod. By simultaneously observing the 
altitudes of two known stars. 

Let Sy S' be the two stars (fig 81) when their altitudes 
are measured. Join Z and P with 8 and S'hy arcs of great 
circles. 
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lu order to fiud the latitude it is necessary to solve three 
spherical triangles. In the triangle SPS' the polar distances 
P/S, P/S' of the stars are known, since they are the comple- 
ments of their decimations which are given in the ** Nautical 
Almanac.” Also the angle /SP/S'is known, since it measures 
the difference between the known light ascensions of tlie 
stars ; hence the side /S/S' and the angle P/S/S' can be 
-calculated. 

Again, in the triangle Z 8 S' the zenith distances ZS^ ZS' 
are known, being the complements of the observed altitudes, 
also the base 88' is known, therefore the angje ZSS' can be 
found, and hence the angle Z8P,,^ / ^ 
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Lastly, in the triangle ZSP tlie two sides Z8, PS are 
known, and the included angle ZSP : therefore the colatitude 
ZP can be found. 

177. Third Method. The latitude may also be found by 
taking two altitudes of the sun, and noting the interval of 
time beween the two observations. This is practically the 
same method as the last, for the interval of time between the 
two observations, reduced to degrees at the rate of 15^ to each 
hour, gives the value of the angle SP8' when the solution 
of the different spherical triangles enables us to find the 
latitude as before. 
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The latitude can also be found by taking a single altitude 
of the sun, provided the local time be known. 

For if S (fig. 81) be the position of the sun, we have in 
the triangle ZPS the two sides, ZS and SP are known. Also 
the angle ZPS is known, being the hour angle of the sun, 
which measures the local apparent time. Therefore, the 
colatitude ZP can be calculated. 

To find Mean Local Time. 

178. First Method. Bi/ equal all ihides. The mean local 
time, or, as it is called at sea, the ahip mean time, can be 
calculated as follows : — Observe, with the sextant, the altitude 
of the sun some time before it crosses the meridian. Again, 
after its transit, note the instant at which it attains the same 
altitude as before. The mean of the times of the two obser- 
vations (given by a chronometer) will give the time of transit, 
that is, apparent noon ; from which, knowing the equation 
of time from the “ Nautical Almanac,’’ the mean time can be 
found. 

179. Second Method. Bij observing the altitude of a knoicn 
stai , or of the sun, moon, or a planet [when the body is in, or 
near, the prime vertical)* 

In this case the latitude of the place is supposed to be 
known. 

Let /S be a star (fig. 81) in, or near, the prime 
vertical whose declination is known from the “Nautical 
Almanac,” and whose altitude is measured. Then in the 
triangle ZSP the three sides are known, ZS being the 
complement of the observed altitude, PS the complement of 
the declination of the star, and ZP being the colatitude ; 
hence tlie hour angle ZPS of the star can be found. When 
this is reduced to time (by dividing by 15) and the result 
added to, or subtracted from, the known right ascension of 
the star according as the star is west or east of the meridian, 
we obtain the sidereal time of the observation, which can be 

p 
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reduced to mean solar time by the method explained in 
Chapter XI. 

In all oases when the sun, moon, or a planet is chosen 
instead of a star, the altitude of tlie lower or upper limb is 
measured, and to this is added the semidiameter of the body 
(obtained from the “ Nautical Almanac ’’) which g ives the 
altitude of the centre. 

The reason the body is chosen in, or near, the prime 
vertical is that, in that position, the altitude of the body is 
most rapidly changing, and therefore a small error in the 
observed altitude will produce the least possible error in the 
calculated time. 

This latter method is one very frequently used at sea. 

Longitude at Sea 

180. The problem of finding the longitude is reduced to 
finding, as accurately as possible, the Greenwich time corre- 
sponding to the ship mean time. For (Art. 159) — 

Longitude (in time) = Greenwich mean time -- ship mean time. 

There are two methods by which the longitude may thus 
be determined : — 

(1) By the chronometer, and (2) by lunar distances. 

We have already seen how Greenwich time is given by 
the ship’s chronometers, two or three being kept, in order to 
check one another. The ship mean time is generally found 
by observing a star in the prime vertical or by the method of 
equal altitudes. The difference between the two times 
multiplied by 15 gives the longitude in degrees. 

Example — On April 6th, when the sun’s altitude was first 
observed, the ship’s chronometer indicated 10*" 4*; and again, 

when the altitude was the same as in the first observation, the 
indication was 4^ 3“ 12®. Also, it was known that the chronometer 
gained 5 seconds daily, it being 6 days since the ship left port 
(the chronometer then indicating correct Greenwich time) The 
equation of time on April 6th was 2”® 20®. Find the ship’s longi- 
tude. 
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Here, if we take half the sum of the two chronometer readings, 
12 hours being added to the second one, we get 13** 4“ 38*, or, 
subtracting 12 hours, 1** 4“ 38". From this we subtract 30 seconds, 
the error of the chronometer, and we have — 

H. M. s. 

Gieenwich time of local apparent noon = 1 4 8 

Equation of time = 0 2 20 

Greenwich time of local mean noon =1 1 48 

Multiplying by 15, we get longitude =13° 27' W. 

Longitude hy Lunar Distances. 

181. If the chronometers on board a ship should, from 
any cause go astray, so as not to be available for indicating 
correct Greenwich time, then the moon, by its change of 
position with reference to the fixed stars in its motion round 
the eartli, serves as a fairly reliable time-keeper. In fact, we 
may regard the whole heavens as an immense clock-face, the 
stars as dial figures, and the moon as a moving clock-hand. 

In the “ Nautical Almanac ’’ is given a series of tables 
which predict, for each day, the distances of the moon’s 
centre from certain bright stars or planets in its neighbour- 
hood for every three hours of Greenwich mean time. The 
observer, wliose object is to ascertain Greenwich mean time, 
therefore measures with the sextant the distance of one of 
the given stars from the edge of the moon's limb ; to this 
must be added or subtracted tlie moon’s semi-diameter, in 
order to find the distance of the star from the moon's centre. 
The tables in the ‘‘ Nautical Almanac ” will then, on being 
referred to, give roughly Greenwich mean time, correspond- 
ing to this distance, with an error of perhaps one or two 
hours. But during the above intervals of three hours we 
may assume that the angular distance of the moon from the 
star changes uniformly, and theiefore, by a statement in 
proportion, we can calculate the exact Greenwich mean time, 
from which, knowing the local time, the longitude may be 
found as before. 
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182. Clearing the Distance. — In the above method, by 
lunar distances, a correction has to be made for refraction. 
Also the lunar tables are calculated to predict the place of 
the moon as seen from the centre of the earth, and there- 
fore we must also allow for parallax. These corrections,, 
which are somewhat involved, constitute what is called 
‘‘ clearing the distance.’^ 

183. The moon’s motion among the fixed stars, although 
very much faster than that of the sun or planets, is not suffi- 
ciently rapid to determine by the above method the longitude 
with very great accuracy. On account of this slowness of 
movement, a small error in the observed distance will produce 
a comparatively large error in the calculated Greenwich time, 
and therefore in the longitude. If the moon were to revolve 
about the earth in two or three days, it would be possible 
to find the longitude as easily as the latitude. 

Example — On January 2nd, 1893, the angular distance of 
Hegulus from the moon’s centre was observed to be 44° 15', the 
local time being 6^ 30"® p m ; at Greenwich at 3 p m and 6pm, 
the distances, as given in the “Nautical Almanac,’^ were 45° 13' 19" 
and 43° 24' 48", respectively. Determine the longitude of the 
place 

Here we have — 

Angular distance at 3 p m = 45° 13' 19" 

,, ,, at time of observation = 44° 15' 0" 

Change in interval = 0° 58' 19" = 3499" 
But subtracting the angular distance at 6 p.m from that at 3 p.m.,, 
we find that the change m 3 hours is 1° 48' 31" = 6511"; 

3499 

The time in which it decreases 3499" = 3^ x -r-r 

6511 

= 1^ 36“^ 44% 

Greenwich time =3^+1^ 36"“ 41" = 4^ 36"“ 44*. 

But local time = 6^ 30"* ; 

.*• Longitude (in time) = 53"* 16“ , 

or, multiplying by 15, = 28° 19' E. 
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Another method of determining Greenwich time, and there- 
fore the longitude, is by observing the occultation of a star 
by the moon. This is merely a modification of the method 
by lunar distances. 

184. Attempts have been made to find the longitude by 
means of the eclipses of Jupiter’s satellites, the Greenwich 
time at which the eclipses commence being foretold in tlie 
Nautical Almanac.” However, it is not possible to [)ro- 
perly observe the eclipses by means of a telescope on board 
ship ; and even on land it is difficult to tell exactly when the 
eclipse begins or ends. Also certain other celestial signals 
such as the beginning or end of an eclipse or the bursting of 
meteors have been used for the same purpose. 

Since the invention of the electric telegraph, the longi- 
tude of any station on land can be determined very readily 
by signalling the local time at any instant from some station 
with which it is in telegraphic communication, and whose 
longitude is known, the difference of the longitudes being 
found by multiplying the difference of the times by 15. 

Exampj^es 

1 On Mtiich 7th, the sun was observed to have equal altitudes when the 
chronometer indicated 10^ 54*" a m and 8*' 38*" p m. Greenwich time , hence 
calculate the longitude, the equation of time at Green\vich noon on March 7th 
and March 8th being 11' 12" and 10' 57", lespectively 

Ans, 53° 42' W 

2 Given the sun’s computed houi angle to be 75° E when the chronometer 
indicated 21^ 9*" 30" Find the longitude, the equation of time being — 2*" 10* 

32° 65' W. 
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CHAPTER XIII. 

THE FIXED STARS. SPECTRUM ANALYSIS. 

185. The stars are suns situated at such immense dis- 
tances from the earth that they appear, even when viewed 
through the most powerful telescopes, as mere points of light 
Each of these distant suns is in all probability the centre of 
a system similar to our own, a focus from which light and 
heat are distributed to bodies of the same nature as our 
planets, the motions within each system being doubtless 
regulated according to the same general laws which, as all 
our observations show, hold througliout the universe. 

We have seen in Chapter VII. that in attempting to 
measure the annual parallax and distances of these stars 
our efforts to thus make a survey of the heavens are in the 
greater number of instances doomed to failure, the reason 
being that the greatest distance available to us as a basis of 
observation, viz. the diameter of the earth's orbit (185,000,000 
miles) actually dwindles down to our conception of a geo- 
metrical point compared with the vastness to which it has 
to be applied. 

In the present chapter the classification of the stars is 
dealt with, together with a short account of the principal 
discoveries which have been made in modern times, chiefly 
by means of spectroscopic analysis, into their nature and 
physical condition. 

180. litar 9Iagnltude». — The stars are classified into 
different ‘‘magnitudes,’’ according to their degrees of bright- 
ness. There are about twenty of the most brilliant stars 
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which are said to be of the first magnitude. Of these there 
are about twelve visible to observers in our latitudes. Tliese, 
together with the constellations in which they are situated, 
are as follows Sirius (Canis Major); Aldebaran (Taurus) ; 
Capella (Auriga) ; Vega (Lyra) ; Betelgeux and Eigel 
(Orion) ; Procyon (Canis Minor) ; Spica (Virgo) ; Regulus 
(Leo) ; Arcturus (Bootes) ; Antares (Scorpio) ; Altair 
(Aquila). 

187. There are also some stars of the first magnitude 
whose south declinations are so great tliat they are only visible 
to observers in the southern hemisphere, as Canopus {aAj;gjj^ 
a and j3 Centauri ; a Crucis ; Achernar (a Eridani) ; and 
ri Argfls. Those of the second magnitude are less brilliant ; 
^ere are about 50 of these visible to us. An example of 
this class is the Pole Star. It is not possible with the naked 
eye to distinguish those beyond the 6th magnitude, but 
further divisions of telescopic stars down to the 7th, 8th, 9tli, 
and still lower magnitudes have been made. These divisions 
are in a great measure arbitrary, for stars belonging to the 
same class differ considerably in brightness, colour, and, as 
we shall presently see, in their physical condition. 


i 



188 Miimber of the Stars.— The number of the stars 
on the whole celestial sphere which it is possible to distinguish 
with the naked eye is about 6000 ; and from any one place, 
even on a favourable night, not many more than 2000 are 
visible at the same time, numbers of stars near the horizon 
being obscured by the greater thickness of atmosphere 
through which their rays have to penetrate. This number is 
not nearly so great as a person who has not made an exact 
estimate of them would expect, for the idea conveyed to the 
mind by the multitudes of shining points spangled over the 
heavens is that they are innumerable Witli the aid of 
telescopes the number which it is possible to see amounts to 
many millions. 
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189. The milky Way. — On any dark, clear niglit there 
will be seen stretching across tlie sky, almost in a great circle, 
a faintly luminous belt, which is called the mtlly way. Its 
luminosity varies greatly in different parts. The telescope 
shows that this phenomenon is produced by the light from 
countless multitudes of stars which cannot be individually 
distinguished with the unaided eye. 

190. i^tar Clusters. — In certain parts of the heavens 
the stars seem so densely packed together and in so marked 
n manner as to lead to the supposition that they are in some 
way connected. Such a group is called a iitar cluster. The 
group called the Pleiades is seen with the naked eye to con- 
sist of about six stars, but with the aid of a small telescope 
the number is increased to over fifty. We have another 
illustration in a luminous spot in Perseus which the telescope 
reveals as consisting of great numbers of stars grouped 
together, the appearance forming a most beautiful spectacle. 



Fig 82 

Star Clustei in Hercules (Siu J IlEUbcHiL). 


191. IVebulae. — Besides star clusters there are seen with 
the aid of a telescope, in different parts of tlie heavens, many 
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objects which appear as small luminous spots, and many of 
which cannot be considered as star clusters, as they do not 
seem to be resolvable into separate stars. These are called 
uehnlcB, Perhaps the most lemaikable illustration of these 
objects is the great nebula in Orion, which appears shining as 
a bluish mass, portions of winch, under high magnifying 
power, are seen to contain numerous stars. 

Another remarkable example is tlie annular nebula in the 
constellation of Lyra : “ It consists of a luminous ring ; but 
the central vacuity is not quite dark, but filled in with faint 
nebula like a gauze stretched over a hoop ’’ (Sir Eobert 
Ball). 



Fro 8 \ 

Annular Nebula m hyra (1a>iu) Rossf) 


192. Proper Motions of f^tarn , — When the right 
ascension and declination of a star is observed over a long 
series of years it is found, after allowing for changes in these 
quantities due to precession, nutation, and parallax, that its 
position in most cases is slowly clianging with reference to 
other stars in its neighbourhood. Each star is thus said to 
have a proper fnotion of its own of a character not common 
to the other stars. The name “ fixed,’’ therefore, applied to 
the stars, is not strictly accurate, and may only be used to 
distinguish them from the rapidly moving planets 
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The proper motions of stars are due partly to a motion of 
the sun with the whole solar system, which is believed to he 
moving through space towards a point in the heavens near 
A Hercules, thus causing those stars not in the line of direc- 
tion of motion to appear displaced in tlie opposite direction. 
However, making allowance for displacements due to this 
cause tliere is no doubt that tlie stars are in actual motion 
themselves. 

193. Double Htars . — With the aid of powerful tele- 
scopes it is seen that many stars which otherwise appear 
single are in reality double, consisting of two distinct stars. 
Sometimes the two components are nearly of the same mag- 
nitude, but in many double stars thej^ are unequal, and when 
this IS the case they are often, for some reason not as yet 
explained, of different colour, the smaller having a tint 
liigher in the spectrum than the larger : for instance, if the 
larger be reddish, the smaller will be blue or green. About 
10,000 of these double stars have been discovered. Many 
stars which at first appear double are only apparently so, 
owing to their being nearly in the same line of vision ; they 
til us appear, when projected on the surface of the celestial 
sphere, very close togetlier, when in reality they are far 
apait. Among the most remarkable examples of double 
stars are Castor, a Herculis, the Pole Star, and Sirius. Some- 
times a star is seen to consist of three or four separate com- 
ponents ; as in the case of Lyrse. in which there are four 
stars, three white and one red. 

194. Binary blars — In many double stars the two 
components are seen to be in motion, each descnbing an 
ellipse round their common centre of gravity as focus, which 
in fact is a consequence of the law of universal gravitation 
(Art. 70). In the case of the double star Castor this move- 
ment is so slow that many centuries will elapse before each 
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will have made a complete revolution. Stars connected in 
this manner are called binary stars. 

195. Orbits of Binaries. — The apparent angular 
magnitude of the reg^r orbit of binaries round one another 
can be determined by means of the micrometer ; but the 
dimensions of the orbit in miles cannot be found unless the 
distance of the star, or, which amounts to the same thing, its 
annual parallax be known. In the case of a Centauri the 
parallax is about 75" and the semi-axis of its apparent orbit 
has been estimated at about 17 5". Hence we have, by 
taking the ratio of the circular measures of these angles — 

17*5" semi-axis of orbit in miles 
"W'"" 92,000,000 

Knowing the dimensions of the orbit of a binary star and 
its periodic time, it is possible to calculate the sum of the 
masses of tlie two components. For an account of the 
method used, see Art. 214. 

196. Variable i^tars. — There are some stars whose 
l[)rightness is not constant, to which the name variable stars is 
given. Of these the most remarkable are those which are 
known to change their lustre periodically. It will be suffi- 
cient here to mention some of the more remarkable examples 
of these, each being representative of a distinct class. 

197. The ^^Bira Type.”— The star o Ceti or Mira 
(the wonderful) goes through a regular cycle of changes in a 
period of 331 days, during which time it varies from the second 
to the sixth magnitude ; it then becomes invisible for about 
five months, after which it gradually returns to its original 
brightness. 

198. The Type.” — The star Algol in the con- 

stellation of Perseus is a type of another remarkable class of 
periodical stars. It remains of the second magnitude for 
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about 2^ 13** ; its brightness then gradually diminishes till it 
appears of the fourth magnitude, the time taken being about 
hours. For twenty minutes it remains of the fourth mag- 
nitude, when it gradually recovers its brightness until, at the 
end of another 3| hours, it appears again of the second 
magnitude. The whole period of this cycle of changes is 
2*^ 20^ 48“ 55®. As regards stars of this type, the most 
probable explanation is that the loss of light is due to the 
interposition of some dark body which, revolving in a fixed 
period round the star, causes, at regular intervals, a partial 
eclipse to take place. 


The Spectroscope. 


199. We know from Optics that when a ray of ordinary 
white sunlight passes through a prism it emerges split up 
into component rays of different hues, viz. violet, indigo, 
blue, green, yellow, orange, and red ; so that when thrown by 
a suitable arrangement on a screen there appears a distinct 
band of colours like a rainbow, having violet at one end and 



Fig 84 


deep red at tlie other (fig 84). This band constitutes what 
is called the spectrum of the light. In a similar manner the 
light from any other source may be examined. Usually the 
rays are admitted through a narrow slit, and, before reaching 
the prism are passed through a collimating lens, whose focus 
coincides with the slit, from which they therefore emerge as 
parallel rays, and, after passing througli the prism, the 
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spectrum is viewed through a telescope. Such an arrange- 
ment is called a spectroscope. 

200. Thus by the aid of a simple glass prism we have 
the means of analysing the light from any source by decom- 
posing it into its separate parts, and arranging these, _part8 
before ,our-Jsdew An examination into any deficiencies or 
other peculiarities in the spectrum of a beam of light thus 
divided enables us to leain a great deal concerning the 
composition and physical state ol the luminous body from 
whicli the light is derived. This is the principle of the 
method of research known as spectrum (nialfjsis^ which in 
recent years has enabled us to add so much to our knowledge 
of the universe. 

201. §olar ^Ipeetrum. — Early in the present century 
it was discovered by Fraunhofer that the spectrum of the 
sun is not a continuous succession of colours, but is inter- 
rupted by thousands of fine dark lines. In certain parts of 
the spectrum but few of these dark lines occur, but in other 
portions they are so crowded together that it is difficult to 
<iistinguish them individually. It is also found that the 
arrangement of these lines is a cliaracteristic and permanent 
feature of sunlight, so characteristic that their number 
and the positions which they occupy in the spectrum enable 
us to distinguish sunlight from that due to any other 
source. 

From this it is evident that only those rays reach us from 
the sun which are of certain definite degrees of refrangibility, 
while, from some cause unknown at the time of Fraunhofer’s 
discovery, other rays, corresponding to the daik lines, are 
absent. This phenomenon was at last explained by an exami- 
nation of different kinds of artificial light. 

202. When rays of light from different sources are 
observed by means of the spectroscope it is found that 
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their spectra may be divided into the two following 
classes : — 

(1) The spectra of luminous solids and liquids are con- 
tinuous, containing light of all degrees of refrangibility, and 
therefore show no dark lines. 

(2) The spectra of tlie flames of burning gases, not 
containing solid particles in suspension, are discontinuous, 
consisting merely of a certain number of finite bright lines 
interrupted by dark bainls. 

203. H-eversal of Bright lilnes. — If a burning gas or 
vapour emitting, as wo now see, only rays of certain degrees 
of refrangibility, be interposed between tlie observer and the 
light fiom a source giving a continuous spectrum, the gas 
mil absorb ^at/s of the same kind as those uhich it emits, and it 
depends on the lelative brightness of the two sources of liglit 
as to whether this particular class of rays shall, in the com- 
bined spectrum, be darker or brighter than the rest. Tlie 
following experiment will serve to illustrate this important 
principle : — 

Let the spectrum of the burning vapour of sodium (got 
by colouring the fiame of a spirit lamp with common salt, of 
which sodium is a constituent) be observed, and it is found 
to merely consist of two b) ujht yellow lines. However, if 
very bright limeligiit be placed behind the sodium flame, it 
18 found that the continuous spectrum which limelight would 
afford, if viewed alone (being that of an incandescent solid], 
is crossed by two daik lines corresponding to the two bright 
lines of sodium On removing the limelight these lines 
flash out as bright as before. The bright lines produced by 
sodium are thus reversed, i.e, changed to dark ones; not 
that they are actually darker than wLen viewed alone, but 
that they appear dark by contrast with the brilliance of the 
rest of the spectrum; for, those particular rays from the 
limelight which are characteristic of sodium, and which 
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would otlierwise ilium in ate the spaces occupied by these 
lines, so as to make them appear as bright as the rest of the 
spectrum, are out off by the interposition of the sodium flame, 
while all other rays pass freely through. 

204. By means of the above principle, the occurrence of 
dark lines in the solar spectrum can now be explained by 
supposing the sun to be suirounded by an external vaporous 
layer which absorbs rays of its own peculiar kind from the 
light coming to us from an inner stratum of the sun called 
tlie pfiofohphere^ which would otherwise give a continuous 
spectrum. Kirchoff showed that these lines coi respond to 
those of hydrogen, iron, zinc, nickel, coi)per, and other 
metals which, existing in a state of va})Our in the solar 
atmosphere, cause the reversal of their characteristic rays 

205. iiurfaee of the Hun. Holar Prominences. — 

During recent total eclipses the spectroscope has been applied 
to investigate the nature of the outer surface of the sun. 
Outside the photosphere is the chromosphere, so called on 
account of its bright red colour, due probably to intensely 
heated hydrogen, of which it is mainly composed Beyond 
this lies the corona, a ring of light suriounding the sun 
seen during a total eclipse, whose spectrum gives but faint 
imlications of hydrogen, and whose clnef cliaracteristic is 
a conspicuous green line. 

During a solar eclipse, when the sun’s disc is hidden by 
the moon, there are seen, apparently, on the edge of the 
moon's disc, some remarkable objects now known as solar 
piominences. At first, when their nature was unknown, they 
were simply called pro7nniC}iccsy as it was uncertain whether 
they were appearances on tlie outer surface of the moon or 
sun ; but it was definitely proved that they were solar during 
the eclipse of 1860 by means of photographs which showed 
that the moon’s disc moved over them just as it did over 
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other portions of the sun’s surface. They appear as flame- 
like objects, scarlet in colour, and they vary in a wonderful 
manner as regards their form and magnitude. Some oi 
them attain a heiglit of over 80,000 miles. With what 
rapidity they are capable of changing will be seen from an 
example chronicled by Professor Young, and observed at 
Princeton, New Jersey, in which one of tliese prominences, 
which at first was about 40,000 miles high, suddenly shot up 
until it attained an elevation of 850,000 miles, when it 
gradually broke up, and eventually faded completely away, 
tlie whole series of clianges being completed in an interval 
of two hours. These prominences are now known to be 
pi otuberant portions ot red incandescent gas, principally 
h} drogen fiom the chromosphere. In order to observe these 
pi eminences it is not now necessary to wait until a total 
eclipse of tlie sun occurs, as by a proper arrangement of the 
spectroscope the changes in their structure can be studied 
almost as well as during an eclipse, with the additional ad- 
vantage of being able to observe them for a much longer 
peiiod of time. 

206. The spectrum of a planet would be identical with 
that of the sun were it not tliat it is somewhat altered owing 
to the solar light having to pass twice tliroiigli the thickness 
of the planet’s atmosphere, which causes nbsoiptioii of some 
of tlie rays. In the case of some of tlie planets there are 
characteristic lines indicating the presence of vapour of water 
under conditions^jim i l ar to -t hat w h ic h is piesent in the 
atmosphere of the earth. The spectrum of the moon is 
identical with that of the sun, which is confirmatory evidence 
that it possesses no atinospheie. 

207. Star Spectra. — The stars may be divided into 
different classes according to their spectra : — 

(1) Those whose spectra are distinguished hy compara- 
tively few lines, the irwst prominent corresponding to 
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iiydrogen at a very high temperature. In this class are 
included all the white or bluish stars such as Sirius and 
Vega. 

(2) In the second class are such stars as Aldebaran and 
Arcturus, whose spectra are similar to that of the sun, 
i.e, are intersected by large numbers of fine lines indicat- 
ing the presence of many metals in addition to hydrogen. 

(3) In the third class are those whose spectra are inter- 
rupted by dark broad bands. Most of these stars are red, 
and a large number are variable. 

Many of the metals present in the sun have been observed 
in the stars. Thus in Aldebaran there is evidence of sodium, 
iron, bismuth, antimony, magnesium, calcium, mercury, and 
tellurium. 

208. Spectra of Webulae. — It was first observed by 
Huggins that some of the nebulae afford spectra which are 
not continuous band , 3 of colours, crossed by dark lines, like 
those of stars, but merely consist of a few bright lines. Four 
bright lines are usually easily observed, two of which are 
certainly due to hydrogen, but the nature of the others 
remains as yet unknown. These nebulae cannot therefore 
consist of aggregations of separate stars, but of glowing 
gaseous material, of which hydrogen is a chief constituent. 
The great nebula in Orion is typical of this class. Many 
other nebulae, however, of which that in Andromeda is a type, 
afford spectra of a totally different kind ; instead of a few 
bright lines we find a continuous spectrum, which would 
point to the conclusion that the light may be due to an 
immense cluster of minute stars. Nebulae of this type are 
generally white, while the gaseous nebulae are of a bluish 
tint. 

209. One of the most remarkable applications of the 
spectroscope is to measure the velocity of a star along the 
line of sight either towards or from the earth. If rays of 

Q 



226 


FIXED STARS. SPECTRUM ANALYSI [cHAP, XIII. 

light proceed from a body which is approaching the eartli 
their wave-lengths will be diminished, for the number of 
vibrations reaching the earth in each second will be greater 
than if the body were at rest. On the other hand, when 
receding from the earth there will be a corresponding 
increase in the wave-lengths. But the refrangibility of each 
ray depends on its wave-length, a diminution in which 
causes the ray to fall nearer the violet end of the spectrum. 
Hence, by comparing the positions of the lines in the 
spectrum of a star corresponding to hydrogen or some other 
well-known substance with the positions which these lines 
occupy in independent observations, it can be determined 
whether the wave-lengths are diminished or increased, and 
consequently whether the star is moving towards or from the 
earth, and with what velocity. This method has been 
applied to calculate the velocities of a considerable number 
of the stars, and the results obtained in some oases indicate 
a speed along the line of sight of from 20 to 30 miles per 
second. 

The theory of this method is beautifully verified by 
observations on the sun. As the eastern edge of the sun 
is approaching and the western is receding, there is a cor- 

f responding difference in the spectra of the two edges, and 
the observed amount gives a velocity of rotation practically 
coincident with that otherwise known.” — (Sir Robert Ball.) 



( 227 ) 


CHAPTER XIV. 

MASSES OF THE HEAVENLY BODIES. 

210. The mass of the earth can be found by comparing 
its attractive force with that of a body whose mass is 
accurately known. 

211. Hlaskelyne’s method. — A mountain in Scotland 
named Schehallien was chosen whose shape was so regular 
that its volume could be accurately ascertained. Its mean 
specific gravity was also calculated from a knowledge of the 
proportions in which the different minerals to be found in the 
mountain entered into its composition. Two observatories 
were then placed, one on the north and the other on the 
south side of the mountain, in the same meridian. At each 
of these stations the meridian zenith distance of some chosen 
star was observed, the zenith in each instance being deter- 
mined by the direction of a plumb-line. If the plumb-line 
during each observation pointed exactly to the zenith of the 
place, the difference in the two observed meridian zenith 
distances of the star would equal the difference in the latitudes 
of the two observatories. It was found, however, that the 
former exceeded the latter by 11"’6, which was accounted 
for by the attraction exerted by the mountain on the plumb- 
lines, causing them to deviate, the one slightly to the north, 
and the other to the south, of the true vertical, the sum of 
the deviations being 11" 6. 

Again, an independent calculation was made, from a 
comparison of the volume of the mountain with that of the 

Q2 
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earth, as to what should be the deviations of the plumb-lines, 
assimmig that the mean tpecific gravity of the earth teas equal to 
that of the mountain, and it was found tliat, upon this suppo- 
sition, the total deviation should be 20"*8 instead of 
It was therefore concluded that the specific gravity of the 
earth exceeded that of the mountain in the ratio of 20*8 to 
11*6. Taking the mean specific gravity of Schehallien, 
wliich was found to consist of neaily equal parts of quartz, 
mica schist, and crystalline limestone, as 2*8, it followed tliat 
that of the earth was 5*02, from which, knowing its volume, 
its mass was calculated. 

The Cavendish Experiment. — This method was first 
adopted by Cavendish in 1798. A light wooden rod was 
taken with two small balls attached at its extremities and 
suspended in a horizontal position by a very fine wire. 
When in a state of rest two large metal balls were brought 
close to the smaller ones and on opposite sides of the wooden 
rod (in order that their attractions might defiect the rod in 
the same direction). A defiection is thus produced, which is 
resisted by tlie elasticity of the wire. Tlie positions of the 
large balls are then changed by placing each on that side of 
the rod opposite to that which it previously occupied, and an 
equal deflection is produced in the opposite direction. Tlie 
angle of deflection in each case is, therefore, half the diffe- 
rence between the extreme positions of the balls in each case. 
The angle of deflection being 0, the magnitude of the couple 
tending to untwist the wire will be /0, where /* is a constant 
called the torsional rigidity of the wire. 

The value of f can be found by observing the periodic 
time of the oscillations of the rod just after tlie large balls 
have been removed. Hence the attractions of the metal 
balls on the smaller ones can be determined. On compari- 
son with the force with which the earth attracts the small 
balls the ratio of the mass of the earth to that of one of the 
large metal balls can be determined. 
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Anotlier method, first adopted by Cavendish, consists in 
observing the attraction of tides in estuaries. The same 
object can also be effected by comparing the vibrations of a 
pendulum at the top and bottom of a deep mine, and also hy 
several other experiments, into the details of whicli it is not 
here advisable to enter. 


To find the Ratio of the Sans Mass to that of the Earth 

212. Let R denote the distance of the earth from the 
sun, and T its periodic time ; also let r and t denote the 
moon’s distance from the earth and periodic time, respectively. 
Therefore, supposing both orbits circular, we have — 

Earth’s centrifugal force = • 


Moon’s 


IttV 


But, if S and E denote the masses of the sun and earth 
respectively, the attraction exerted by the sun on the earth is 

S E 

to that of the earth on the moon as : - - (see Newton’s 

ir r 

Law of Gravitation, Art. 70). Therefore we have (neglecting 
in each case the attraction of the smaller body on the larger) — 


or 


R^ 


E 
r 

S * E 


WR 

r 

R 

fJVi 



If we take approximately R = 385p and T = 13^, the 
above result gi7es — 

8 = ^ £■ = 337,672 JF, 

and consequently, knowing the mass of the earth, that of the 
aim can be calculated. 

213. Masses of the Planets. — Having determined 
the mass of the sun, that of any planet which is accompanied 



230 


MASSKS OF IHE HEAVENI-Y BODIES 


[chap XIW 


by a satellite can be found Thus, in the case of Jupiter, let 
i? be tlie radius of its orbit, and T its periodic time, while r 
and t denote the orbital radius and periodic time respectively 
of any one of its satellites, the mass J of Jupiter can be 
determined by the proportion — 


The ratio of the mass of the sun to that of Jupiter is thus 
found to be 1047 to 1, the same result being obtained when 
the calculation is based upon the observed periodic time and 
mean distance of any one of the four satellites. 

The mass of a planet which is not accompanied by a 
satellite can be determined by the perturbations produced by 
its attraction on the other bodies of the solar system. 

214. INIasses of Binary Stars — If we know the semi- 


axis major of the orbit of a binary star and the period of 
revolution (Art. 195), we can calculate the ratio of the mass 
of the sun to the sum of the masses of the two stars by tlie 


proportion — 


S: M+M' 




where r is the semiaxis major of the orbit of the binary, and 
the periodic time, M + M' being the sum of the masses of 
the pair, while Sy Ry and T denote the same quantities as in 
the previous Article. Thus, in tlie case of the binary star 
a Centauri, the semiaxis major of its orbit is found to be 
23*3 times the distance of the earth from the sun, and the 
period of revolution 77 years ; hence in this instance we 


liave — 


S: I ^ 

77i 


or 


M^M' = 214S, 


from which we conclude that the sum of the masses of the 
two stars of wliich a Cen* uri consists is more than twice^ 
tliat of the sun. 
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Note on the Celesiial Globe. 

On the surface of a celestial globe are marked the appa- 
rent positions of the stars and the different circles of the 
celestial sphere. The globe revolves within a framework 
consisting of a brass meridian (graduated), which remains in 
a vertical plane, and a broad horizontal wooden ring which 
represents the liorizon. On this wooden horizon are marked 
the months and days of the year, the equation of time for 
each day, and the daily longitude of the sun ; there are also 
the twelve signs of the zodiac in their order, and, finally, 
a circle divided into degrees for the purpose of measuring 
azimuths. 

The bearings on which the globe revolves are attached 
to two diametrically opposite points of the brass meridian 
corresponding to the north and south celestial poles. 

At the northern pole of the globe is seen a small brass 
circle called the hour xndex^ on which are marked the hours of 
the day as on the face of a clock. This circle can be turned 
round with the fingers, so that any hour desired may coincide 
with the meridian, but, once set, there is sufficient friction to 
cause it to turn with the globe when the latter is rotated. 

As regards the different circles drawn on the globe it is 
to be observed that the equator and ecliptic are graduated 
into degrees and fractions of a degree. 

To set the Celestial Glohe so as to show the Appearance of the 

Heavens at a given place and at any given apparent time. 

(1) Elevate the pole to an angle equal to the latitude of 
the place by means of the graduations on the meridian. 

(2) Find the position of the sun in the ecliptic on tlie 
day in question (the spot can be marked with a small piece 
of gum-paper stuck on the globe) ; rotate the globe until 
this point coincides with the meridian, and set the hour index 
at XII. This position corresponds to apparent noon. 
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(3) Finally, turn the globe until the required hour ic 
brought to coincide with the meridian, which gives the 
required position. 

If the globe be set so that the plane of the meridian is 
due north and south, the actual direction as well as the 
relative position of any star in the heavens will be indicated. 

To determine the Apparent Time at which a Heavenly Body 
rise!^ or sets at a given place, 

(1) Make the elevation of the pole equal to the latitude 
of the place. 

(2) Rotate the globe until the position occupied by the 
sun in the ecliptic coincides with the meridian, setting the 
hour index at XII. 

(3) Again rotate the globe until the heavenly body in 
question is brought to the eastern or western horizon, accord- 
ing as we wish to find the time of rising or setting, and the 
hour index will show the required time. 

Similarly the time at which a heavenly body culminates 
may be found. 


Exercises. 

(1) Find by means of a globe, the apparent times of sunrise 
and sunset on the 15th April. 

(2) Find how long twilight lasts on the same date. 

(3) Find the length of the day at Dublin (lat. 53° 20') on 
25th November. 

(4) At what hour does Sirius cross the meridian of Dublin on 
(1) the 10th August, (2) the 14th December? 

(5) At a place whose latitude is 47° the bright star Arcturus 
rises on a certain date at 8 p.m. What is the date ? 

(6) In what part of the heavens should we expect to see the 
bright star a Lyree at 8 p.m. on the 15th October, at Dublin ? 
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To draw a Meridian Line on the Earth, 

On a fixed horizontal plane, describe with a compass 
several concentric circles. At the common centre of the 
eircles, erect a small piece of straight wire at right angles to 
the horizontal plane. In the forenoon, let the point where 
the shadow of the top of the wire just touches any one of the 
eircles be marked, and also the point where the shadow just 
reaches the same circle again in the afternoon. If a radius 
be now drawn bisecting the arc between these points, this 
radius will coincide with the meridian. Several circles are 
drawn lest a cloud over the sun should interfere with the 
observation. 

To show on the Celestial Sphere the positions of the horizony 
ecliptic, equator^ and the sun at 9 am, on the 21st June 
at Lublin {lat, 53° 20'). ^ 

*y J 



Here make PR (fig. 85) the altitude of the pole above 
the horizon RR « 53° 20'. Out off EM = 23° 28', and MN, 
drawn parallel to the equator EQy represents the suii^s 
apparent diurnal path on the 21st June. Then, since the 
hour angle of the sun at 9 a.m. is 45° east, therefore bisect 
EM ill Ay and join -4P, and the angle ZPA is an hour 
angle of 45° east, and the position of the sun at this hour is 
S where PA intersects MN, Then, since the right ascension 





5604 note on the celestial globe. 

of the sun on 21st June is 90° measured eastwards from T, 
the sun is therefore 90° west of hence cut oHAD equal to 
90°, and - is at 5, and the ecliptic is SiS cutting the equator 
in ^ and also in T on the opposite or western side of sphere. 

To show on the Celestial sphete the angles winch measure sidereal 
time^ mean solar time, the right ascension of the mean sun, 
apparent solar time, and the equation of time. 
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Here KC represents the ecliptic cutting the equator EQ 
in t; M and are the mean and apparent suns respectively, 
the former in the equator, the latter in the ecliptic. Then 
r tlie angle ZP^ measures the sideieal time, 

>Ohs liLr tjm ftj and the right asceusion of the mean sun; 

the apparent solar time is measured by the angle ZPA, and 
the angle MPA measures the equation of time. 

Exercises. 

1. Draw diagrams of the celestial spheie as seen from Dublin 
(1) at sunrise, (2) at noon, (3) at 3 p.m. on the 2l8t March 

2. Draw diagrams of the celestial sphere as seen from a place 
whose latitude is 80° N, at 10 a m., and also at noon on the 2 let 
May. 

3. If y be the length of a tropical year, s the length of R 
sidereal day, and m the length of a mean day, prove 
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The following questions from 1 to 100 have been set to third 
and fourth gear Students in the Universitg of Dublin, e'Arh set 
of ten questions constituting a paper The remainder of the 
questions ai e taken font the Degiee Examination Papers set 
at the London and Royal Univei sities : — 


I. 


1 State what you know of “double stars/’ “new stars/^ 
“periodical stais,” and “nebulce.” 

2. State cleaily the reason why the discs of the sun and moon 
appear oval when near the hoiizon. 

3. “ The north celestial pole, therefore, will be, about 13,000 
years hence, neaily 49^ from the polar star ” Give a clear expla- 
nation of this statement. 


4. What is “ annual parallax ^ 

{a) If p be the number of seconds in the annual parallax of a 
fixed star, show that the time taken by light to reach us fiom this 


star is, appioximately. 


16 

-yoais. 


5. Give an account of the different explanations of the planetaiy 
motions called, respectively, the Copeinican system and Ptolemaic 
system , and show how the former may be verified in the case of 
an inferior planet. 

6. Assuming Kepler’s laws, prove that the velocities of any 
two planets are connected with their distances from the sun by the 
relation 

V : v' :: Jr • Jr. 


7 . Show how to find the moon’s sidereal period. How is the 
exact synodic period determined ? 

8. What is the cause of a lunar eclipse ? Why does Ihe pheno- 
menon not occur at every full moon ? How are the lunar ecliptic 
limits found ? 


a 
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9. Describe the Meridian Circle, and show how it may be used 
to find (a) the declination, and {h) the right ascension, of a star. 

10. Find the time at Vienna (16^ 20' E.), and at Chicago (87° 
40' W.), when it IB 10 o’clock, a.m., at Dublin (6° 15' W ). 


. II. 

1 1 . Show how a degree of a meridian is measured , and assum- 
ing the length of a degice to be 69^ miles, find the earth’s diameter 
in miles. 

12. Show by a figure the efiect on the position of a star of the 
lefraction of light by the atmosphere, and prove that the amount 
of refraction varies approximately as the tangent of the star’s zenith 
distance. 

13. What IS the cause of twilight? 

(a) Does t\Mlight ever last all night at Pans flat. 48° 50 ) ? 
Give a reason for your answer. 

14 A circumpolar star ciosses the ^meridian at altitudes 
10° 11' 17" and 72° 15' 31"; find the latitude of the place, and 
the star’s polar distance. 

15. The interval between eastern and western quadratures of 
Jupiter is 175 days, and between two oppositions 400 days, approxi- 
mately , find the annual parallax of tins planet. 

16. Show how the height of a lunar mountain may be obtained 
by measuring the distance from the boundaiy of light and daikuess 
of a bright spot observed in the unillummated part of the moon’s 
disc, and prove the approximate formula — 

height in miles = 537w® cosceV, 

where is the ratio of the observed distance to the moon’s radius, 
and e the moon’s elongation. 

17. Piove the formula for finding the periodic time of a superior 
planet by means of the, earth’s periodic time and the obsei\cd 
interval between two successive oppositions. 

18. Prove that more than half the disc of a superior planet is 
always seen, and that the planet is most gibbous in quadratuie. 

19. Give a general explanation of solar and lunar eclipses. 

20 Define the “ equation of time,” and state from what causes 
it arises. What is its greatest value ? How many times in the 
year does it vanish, and at what dates ? 



KXAMINATION PAPERS. 


[ 5 ] 


111 . 

2 1 . The apparent zenith distances of y Draconis at lower and 
upper culminations were 75^ 3' 13" 2 and 1° 53' 18"*6 south , the 
amounts of refraction in the two observations being 3' 41"* 9 and 
r'*9, lespectively. Find the declination of the star, and the latitude 
of the place. 

22. Explain how the meridian altitude of a star can be observed 
correctly to the fraction of a second 

23 Give a direct explanation of the effect of aberiation on the 
positions of stars, and indicate on the celestial spheie the point 
towards which they aie displaced. 

24. Calculate the number of seconds in the coefficient of 
aberration. 

25 Explain the nature of the phenomena — {a) precebhion of the 
equinoxes ; {h) nutation by what observations may their existence 
be detected ^ AVhat aie their peiiods and amounts ^ 

26. Deteimine an e::y;)rcssion for the angle which the breadth of 
the shadow, cast by the caith at the distance of the moon, subtends' 
at the eaith, in teims of the semidiameter of the sun and the hori- 
zontal parallaxes of the sun and moon "When is this a maximum, 
and when a nimimum 

27 ^Vhat lb meant by the teim “ radiant point of a meteoiic 
showei ” by what ai guments is the connexion between comets and 
metcois established*-’ 

28. Assuming that the planetary orbits are circles with the 
sun in then common centie, find an exjiression for the annual 
parallax of Jupiter in teims of the synodic period, and the interval 
between two consecutive quadiatuies. 

29. Explain the Lunar Method of finding longitude at sea, and 
point out its disadvantages. 

30. Examine the statement * — “ If the moon had moved round 
the eaith in about three days, the longitude Tvould hu'se been us 
easily fouusl as the latitude.” 


IV 

31. Describe a transit instrument, and state the nature of the 
errors for which allowance has to be made. 

32. How would you deteimine the angle subtended by the 
^jarth’s disc at the moon ? 
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33. Prove the following rule for determining from the true- 
position of a star a- its apparent position <t' due to abei ration • — 
Let S he the sun, and E a point on the ecliptic 90° behind S, then 
o-' lies on the great ciicle a-E and (tct' = 20" ’5 sin o-E. 

34. Prove Bradley's formula for the coefficient of refraction, 
and state accurately what observations have to be made in apply- 
ing it. 

35. Define the terms “lunation” and “ periodic time ” of the 
moon ; and find the periodic time, being given that a lunation is 
29-5305887 days. 

36 Verify the following statement * — “ At the end of 19 yeais 
the sun and moon return to the same relative position with legard 
to the fixed stars, and the full moons fall again on the same days 
of the month, and only one hour sooner ” 

37. Show by a figure the relative jiositions of the Plough, Pole 
star, A)cturu8, Spica, Capella 

38. Prove that when a tiansit of Venus is about to take place, 
Venus and the sun approach each other at the late of 4" per 
minute. 

39. Describe Foucault’s pendulum experiment for the latitude 
of Dublin, and give its explanation 

40. How would you pioposc to draw to scale the oibit of the 
earth as a result of observation ? 


41. Describe a transit instrument, and define accurately its line 
of collimation. 

42. Explain how an angle can be measui-ed to a fraction of a 
second. 

43. State some facts which have been accurately observed which 
can only be explained on the hypothesis of the earth’s rotation on 
its axis. 

44. Give a direct explanation of the aberration of light, and 
calculate the constant. 

45. Assuming that the amount of refraction vanes as the 
tangent of the zenith distance, indicate how the coefficient is 
deteimined. 

46. In the “ Hautical Almanac” the declination of the sun is given 
for times separated by inteivals of thiee hours Show how it can 
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be determined for any instant whatever, and hence deduce the 
latitude of the place from one observation of the sun. 

47. Kcpresent on a diagram the lelative positions of the 
equator, ecliptic, and horizon at sunset on the evenings of the 
vernal and autumnal equinoxes , and for the latitude of Dublin in 
each case calculate the angle between the latter pair of circles. 

48. Give the meanings of the teims nutation and precession of 
the equinoxes. How was their existence detected ? 

49 Prove the following statement, connecting the mean time at 
a given meridian with the corresponding sidereal time — 

Sidereal time = mean time 4 mean sun’s right ascension. 

50 What obsenations are necessaiy m order to detei mine the 
periodic time of the moon? Give the foimula which is lequired 
in the subsequent calculation. 


VI. 

51. Assuming that the earth is spherical, explain how her 
diametei may be measured. 

52. Explain, by means of a diagram, how the change in the 
feun’s declination produces the su( cession of the seasons 

53. Determine the limits of the latitude of places at which 
twilight lasts all night long, Avhen the sun’s declination is 
4 10'" 15'. 

54. Assuming the horizontal paiallax of the moon to be -gV, 
and her appaient diameter to be 1903", find the moon’s diameter 
in miles. 

55. The interval between the inferior conjunctions of Mercury 
is 115 8 days , find the pei iodic time of Mercury. 

56. Write a short account of the rising and setting of the moon 
at difPerent seasons of the year. 

57 Explain how the meiidian of a place may be found. 

58. Give an account of the lunai method of finding the longi- 
tude at sea, and the objections to it. 

59. How ere the retiogiade and stationary appeal ances of the 
planet Venus explained ? 

60. What 18 Bode’s law of the distances of the planets ? 

VII. 

61. How would you make use of a celestial globe to find out 
what stais would be visible in a given place at a known date, and 
at a given hour of the night ? 
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62 Assuming that all the other coiTcctions have been made, 
how would you make suic that the great circle m which the line 
of collimation of a transit instrument moves coincides with the 
meridian of the place ^ 

63. An altitude of a star is observed and found to be the angle 
whose sine is ; calculate the true position of the star, assuming 
the amount of refraction at an altitude of 45^ to be 58" 2. 

64. At mean noon on a given date, the sidereal time was 14 
hours ; what will be the sidereal time 50 days after, at mean noon, 
in the same place? You aie gi\en that the length of a tropical 
year is 365J days. 

65. Explain the different causes that enable us to see somewhat 
more than exactly half the suiface of the moon. 

66. A star in the ecliptic has a longitude or 75^, obtain the 
change in the position of the star owing to abcrratioti, when the 
longitude of the sun is 135^, assuming the constant of aberration to 
be 20" 45. 

67. Explain a method of finding the ratio of the distances of 
Venus and the earth fiom the sun. 

68. Describe accurately how the latitude can be found at sea. 

69. In connexion with the satellites of Jupiter, we can observe 
the following . transits of their shadows over his disc, eclipses^ occuU 
tations and transits of the satellites , explain these phenomena by 
means of a diagram. 

70. Assuming that the orbits of the planets are circles described 
with unifonn velocity in the same plane, prove the formula for the 
periodic time of a planet when the time between two conjunctions 
is known. 


VIII. 

71. Given a celestial globe, describe how you could use it to 
find out at what time, approximately, Regulus will culminate on 
January 23, 1893, in Dublin. 

72. Define the terms — right ascension, declination, celestial 
longitude, azimuth. 

73. The apparent diameter of the sun when least is 31' 32", and 
when greatest 32' 36" *4; hence calculate the eccentricity of the 
orbit of the earth round the sun. 

74. Give a general description of the movements of the moon 
round the earth. 
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75. Draw a figure to show the apparent relative sizes of Venus, 
and the portions of her disc which appear bright, just before 
inferior conjunction, when at her greatest brilliance, when gibbous, 
und When at superior conjunction, respectively. 

76. Jupiter’s outer satellite is at a distance of 1,170,000 miles 
from Jupiter, and takes 16 days 16^ hours to complete one revolu- 
tion round him ; given that the innermost satellite is at a distance 
of 262,000 miles, find the time it takes to revolve round Jupiter. 

77. Prove that the apparent motion of Mars is retrograde when 
we are closest to him, and direct when we are farthest from him. 

78. Owing to the aberration of light, a star can at most be 
displaced from its true position through an angle of 20" 3 ; hence 
calculate the velocity of light assuming that the velocity of the 
earth is 19 miles per second. 

79. Assuming that, on a certain day at Greenwich, the right 
ascension of the mean sun was 10 hours at 12 o’clock, find, for a place 
whose longitude is 60'^ west, the time by an ordinary clock on that 
same day, when the time by an astronomical clock at the place 
was 14 hours. You may assume that a sidereal day contains 
23*’ 56™ 4* mean time. 

80. In what respects arc the motions of the planets strikingly 
similar, and strikingly different from the motions of such comets as 
Encke’s, Biela’s, and Halley’s? 


IX. 

81. Explain by what measurements and calculations the length 
of the earth’s diameter is obtained 

82. State and prove the law of atmospheric refraction. 

The horizontal refraction is about 35'. How is this proved ? 

83. State the arguments for the annual motion of the earth 
round the sun. 

84 State what you know of solar spots, and the inferences 
drawn from observations made on them. 

85. If an observer could reach the North Pole, and remain 
there from tne autumnal equinox to the vernal equinox, what 
appearance of (1) sunlight, and (2) moonlight would he observe? 

86. Calculate the moon’s sidereal period, assuming the synodic 
period to be 29 ‘53 days. How is the latter period determined 
accurately ? 
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87. The retardation of rising on successive nights of the new 
moon nearest the vernal equinox is less than that of the new moon 
at any other time of the year. Explain this phenomenon. 

88. State the cause of a solar eclipse, and explain under what 
circumstances it is (1) total, (2) partial, oi (3) annular. 

89. Assuming the velocity of the planet Mercury to be 30 miles 
per second, determine the velocity of Saturn by an application of 
Bode’s law. 

90. Explain accurately the methods of finding longitude at sea 
(1) by chionometers, and (2) by observations on the moon. 

X. 

91. What are the observations by which the distance from the 
earth to the sun is ascertained in terms of the standard yard ? (The 
earth may be supposed a perfect sphere ) 

92. AVhat further observations determine the distances of certain 
of the fixed stars ? 

93. The latitude of John o’ Groat’s house is 58° 59' N. Find 
the sun’s meridian altitudes at that place on midsummer and mid- 
winter days, respectively . 

94. Why is it that some of the planets are seen at all angular 
distances from the sun, others only when they are within a certain 
angular distance from the sun^ 

95. How is an astronomical clock regulated ? 

96. How do you account for the fact that some of the great 
meteonc displays are pei iodic ? 

97. Explain how the fact that the moon always turns the same 
face towards the earth enables its time of revolution on its own 
axis to be calculated. 

i 

98. Why IS summer longer than winter ? Is it the case for the 
southern hemisphere ? 

99. How does the duration of twilight at a given place alter 
with the season of the year ? 

100. How is it shown that the elevation of a star, due to refrac- 
tion, varies as the tangent of the zenith distance ? 
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101. State the law of Kepler relating to the periods of the 
planets, and deduce it fiom the law of gravitation for the case ot 
ciioular orbits 

Calculate the pei iodic time of a meteorite descnbing a circular 
oibit round the sun close to its surface, (b a. Lond ) 

102. How long does the sun take to use at a point on the 
Equator on March 21bt^ Is this inteival greater or less than at 
other times and places ? How much would it be altei ed for the 
case of an observer on the deck of a ship sailing due east at 
10 miles an hour? [The diameter of the sun may be taken as 
half a degree ] (b.sc. Lond.) 

103. How IS the declination of a heavenly body obtained by 
observation ? 

The declination of the moon’s centre is obseivcd at the same 
instant at two observatones in difPeient latitudes , show that the 
results will differ by an angle of the same older of magnitude as a 
degree, and state piecisely the meaning of the moon’s declination 
as tabulated in the “ Nautical Almanac ” (b sc. Lond.) 

104. The constellation of the Southern Cross is in nght ascen- 
sion 12^, and North Polar distance 152^; find the most northeily 
latitude at which it is e\ ei visible, and the time of year at which it 
may be seen at such a place, (b sc Lond ) 

105. Give an exact definition of longitude on the earth’s 
surface, and state the principle by means of which longitudes 
are ascertained. 

Emd the ratio of the lengths of a degree of longitude at the 
equator and in latitude A, supposing the earth to be a sphere. 
(b a. Lond ) 

106. Explain the cause of the seasons. MTiat would be their 
character if the earth’s axis were nearly at right angles to the 
ecliptic, (b.a. Lond ) 

107. How IS a star’s parallax detennined? What is the distance 
of a star which shows a parallax of 0"*5, correct to the number of 
figures that would be reliable in practice ? (b a. Lond ) 
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108 Given that one lunation is 29 o306 clays, and the peiiod 
of the synodic revolution of the moon’s node is 346 66 clays , piove, 
with full explanations, that eclipses of the sun and moon will 
repeat themselves after an interval of about 18 years 10 days 
(b sc Lond.) 

109. Explain the influence of the aberration of light on astro- 
nomical obsei vations. Should observations of the stais be corrected 
for abcnation due to the motion of the solar system through space ^ 
(b sc Lond ) 

110. The eccentricity of the earth’s orbit is oV, hncl what per- 
centage of the coefficient of aberration is in consequence variable 
throughout the year (b.sc Lond ) 

111. Why IS it that the time of sunrise, as observed by an 
ordinary clock, becomes later for some days after the shortest 
day? (b.a., R u.i ) 

112. Erom what observations has the precession of the equi- 
noxes been determined ? What is its effect on the right ascension, 
declination, latitude, and longitude of a star (b a., rut.) 

113 How would you find the sun’s declination when it uses 
at the N E. point of the horizon ? (b a , r u i ) 

114. Knowing the periodic time of Venus and the earth, how, 
from observing the interval between the greatest eastern and 
western elongations of the planet, can its distance from the sun be 
compared with the radius of the earth’s orbit ? (b v , r u r.) 

115 Given the maximum elongation of an inferior planet, cal- 
culate its periodic time. What is the synodic period of a planet ? 

(B.A., R.U.I.) 

116. Show that the moon, moving under the attraction of the 
earth and the sun, is always subject to a component force tending 
to the sun, and therefore that its orbit round the sun is concave to 
that body. [The radius of the moon’s orbit may be taken as ,rioth 
of the radius of the earth’ orbit, and the lengths of the month and 
year may be assumed.] (b sc. Lond.) 

117 Eicher discovered, in the 17th century, that a pendulum- 
clock, regulated at Pans, lost 2 minutes 28 seconds daily when 
taken to Cayenne ; deduce the conclusion that the value of gravity 
is smaller at Cayenne than at Paris by *11 of a foot-second unit 
approximately, (b so Lond ) 

118. How are the masses of the planets determined from 
observations of the penodic times of their satellites? (b.sc Lond.) 
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119. Explain how, by ohsoivation of the tiansits of a circum- 
polar star across the meiidian, to (letcimine~(l) the declination of 
the star , (2) the latitude of the obseivatory 

An error of one second in the latitude corresponds to an erior 
of how many feet in position on the earth's surface? (n sc Lond.) 

120. How is the rate of error of the astronomical clock in an 
obseinatory exactly determined? (b a Lond.) 

121 What IS the equation of tme'^ How docs its magnitude 
^ ary throughout the year ? 

On IN'ovcmber 1st the sun rises at 6'" 56™ and sets at 4^ 31™ mean 
time ; find the equation of time for that day. (b sc Lond ) 

122. How might the length of a degree of longitude he directly 
measured How does it vary in dilferent latitudes 

Truio IS marked on a map as being 20 mm 32 sec slow by 
Greenwich time, and Korwich as 5 mm 8 sec. fast, what is the 
difference of their longitudes in degrees? (b.sc. Lond.) 

123 Explain how the moon’s distance has been determined. 
(3 sc. Lond ) 

124. Describe and explam the effect of the aberration of light 
on the appaient position of the stars, (b sc. Lond.) 

125. Show that a swami of meteors passing through the earth’s 
atmosphere in parallel lines appears to radiate from a point , and 
show how, by taking account of the direction of this point and the 
motion of the eaith and the velocity of the meteors, to deteimine 
tde direction of their actual motion thiough space, (b.sc Lond.) 

126 If the apparent meiidian altitudes of a circumpolar star 
ore 45*^ and 60®, find the latitude of the place and the declination of 
the star, the coefficient of refraction being 58"*2. 

127 What conditions would have to be taken into account m 
calculating when Yenus is brightest ^ Give her position approxi- 
mately, and describe her appearance when %ho is bnghtest. 

128. When the astronomical time at Dunsmk (longitude 25™ 22* W.) 
M'as 5‘' 10™ 16’ on September Ist, 1893, what was the mean time? 
You are given that the nght ascension of the mean sun at mean 
noon at Greenwich on September 1st, 1893, was 10^ 43™ 29*, and 
that the earth rotates on its axis m 23^ 56™ 4*. 

129. If a star is situated on the ecliptic, show that its parallax 
iff nothing when its aberration is a maximum, and vice versa when 
its aberration is nothing, its parallax is a maximum 
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130 The right npoension of Sinus is 6‘‘ 38*", and the south 
declination is 16^^ 30'. In what month would you expect it to be 
due south about 6 o’clock m the evening ? Would you expect it to 
be visible in June at any time in the British Isles State generally 
in what poitions of the woild you would expect it to be visible in 
that month 

131. How would you calculate the coefficient of lefi action by 
observations on one circumpolar star whose declination is known ? 

132. Calculate the average letaidation of the moon m rising, 
and show by a figuie, for the latitude of Dublin, when the actual 
retardation is gieatest and least 

133. Explain how it is that Yonus appears both as an evening 
and a moining star. Jupiter and Venus aie evening stars, and 
fitationaiy ; find which way they will begin to move (K.r i.) 

134. Does the time gi\enby asun-dial agree with that gi-sen by 
an ordinaiy clock ^ Explain youi answer, and examine hen that 
part of the equation of time aiising fiom the eccentricity of the 
earth’s orbit is positive (k.u i ) 

1 35 . Prove that the disjdacement of a hta'v enly body by i efraction 

IS approximately piopoitional to the tangent of the zenith distance 
for moderate zenith distances, and show how the index of i efraction 
of air at the eaith’s surface might be deteimined by obsening the 
two meridian altitudes of a circumpolar star whose declination is 
known ^ (r.u.i.) 

136. In an observatory, how would you proceed to determine 
the right ascension of a fixed star, the index erior of the sideieal 
clock and the right ascensions of all othei stais being supposed 
known, (b.a., e.u i.) 

137. To what is the equation of time due ? Ti ace approximately 
its value throughout the year , and state whether it remains constant 
for the same day in successive years, (b.a., r u.i.) 

138. The declinatioli of a given star is known Show hoiv, 
from observations of it, you would deduce your latitude, (b.a., 
R.u I ) 

139. Desenbe the phenomenon known as aberration. Show 
that from it and Foucault’s deteimination of the velocity of light, 
the eaith’s distance from the sun may be deduced (b a , r u.i ) 

140. Assuming that the planets move round the sun m circles, 
use Kepler’s third law in deducing the law of inverse squares as 
regards gravitation, (b.a , k u.i.) 
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141. Determino the lowest latitude at which twilight lasts all 
night Why is it that twilight does not last so long in the tropical 
regions as elsewhere ? When is its duration shortest ? (r u.i.) 

142. Explain how the latitude of a place can he determined by 
observing a known star when crossing the meiidian. At a place m 
latitude 50"^ N , vhat aie the limits of position of those stars which 
remain always above the hoiizon^ (k.u i.) 

143. Keprescnt, on one diagram, the celestial equator, horizon, 
ecliptic ; the latitude, longitude, declination, right ascension, hour 
angle, and azimuth of a star 

144. ^^'ame the piincipal stars of the first magnitude visible to 
inhabitants of Dublin, and point out how you would recognise 
them. 

145 Suppose you were asked to determine the errors in a tiansit 
circle, describe, m propei order, how you would proceed. Explain 
also what is meant by the polar and zenith points. 

146 How aie the coefficient of refraction at and the latitude of 
a place detei mined by the same set of observations ? 

147 Explain how you would determine the altitude of the sun 
by means of an ai tificial horizon 

148 About what time on the 21st Maich is the fiist point of 
Aries on the horizon ? AVithm what limits does the true time lie 

149 Describe a sundr ‘ 

150. It sometimes happens that three eclipses occur within one 
month Explain. 

151 . State fully the arguments from which the connexion between 
meteoric showers and comets has been inferred. 

152. How are the local time and longitude at sea determined 

153. How is the angle which the cartel subtends at the moon 
found ? 

154. Describe the position and motion of the moon’s orbit in 
space, and explain why eclipses lecui. 

155. The apparent zenith distances of a star at upper and lower 
culminations were 75° 3' 13", and 1° 53' 19" south, the amounts 
of refraction were 3' 42", and 2", respectively. Find the latitude 
of the place. Draw a figure to represent the position of this star 
at its upper and lower transits, and insert the numbers. 
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156. AVhat is the theory of meteoric showers? 

157. Indicate how you would \eiify the following statement: — 
‘‘At the end of 19 years the sun and moon return to the same 
position with regard to the fixed stars, and the full moon’s fall again 
on the same days of the month, and only an hour sooner.” 

1 year = 365*25 days. 1 lunation = 29 53 days. 

158 How IS the radius of the earth determined in miles? 

159 You aie in an observatory, and are in possession of a 
“ Nautical Almanac ” , explain how you would test the accuiacy of 
your watch. 

160 How would you draw a meridian line at any olace on the 
earth? 
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Algol, cycle of changes of, 219 
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of Pole, 21 
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Andiomeda, nebula in, 225 
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Biela’s comet, 107. 
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line of, 35 

Coloins, piismatic, 220 
Colouied stais, 218 
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Coiona, sums, 223 
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184, sideieal, 33 

Declinatidh, 13, found with meiidian 
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Delisle 8 method of obtaining sun’s 
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Diameteis of eaith, 23, of the moon, 
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Distance of the moon, 120, 150 , the 
sun, 62, 122 , stars, 128. 
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Earth, annual motion of, 65 , axis ol, 

20 , density of, 227 , diarnet* i 
of, 23 , diurnal motion of, 25-31 
eccentncity of oibit, 110, shape 
of, 22 

Eccentncity of an elliptic orbit, 110 j 
Eclipses, frequency of, 180-3, pbe- | 
nomena seen during lunai ec'ipses* 
170 , satellites of Jupiter eclipsed, 
101 . 

limai, 169 , solar, 173 » 

lunar ecliptic limits, 178 , solar 
ecliptic limits, 179 

Ecliptic, 11 , change in obliquity of, 
142 , obliquity of, 11, 137 
Ellipse, 89 
Elongation, 80 
Encke’s Comet, 104 
Equation of time, 185-9 ; cuive 
showing vanalions in, 189 ’ 
v.anishe-s foui times yearly, 18S. 
Equator, celestial, 10 

teirestnal, 20 , celestial 

sphere seen from, 21 
Equatorial telescope, 50 
EquinoKes, 12 , causes of the pre- 
cession of the, 139 , poiiod of the, 
138 , precession of the, 138 
Eratosthenes, measurement of earth, 23 
Erroi, collimation, 36, deviation, 37 , 
level, 37 , eccentncity, 41 

Flamsteed, right ascension of a sta 
determined, 1.34 

Foucault, rotation of eaith proved by 
pendulum cxpeiimeiit, 30 
Frauriliofer, lines m solar snectrum, 
2Jl 

Golden numbers, 155 
Giavitation, law of, 90 
Giegofitiii Calendai, 198 

Hadley’s sextant, 202 
Halley, transit of Venus and sun’s 
parallax, 123 
Halley’s comet, 104 
Harvest moon, 161. 

Heisihel, 102, 216. 
llicetas, 9. 


Hoiizon, the, 3, 9 

Hour angle, 15, boui ciicles, 15. 

Jupitei, 100, satellites of, 101. 

Kepler’s laws, 88 
KnehoOf, solai spectiimi, 223 

Latitude, celestial, 14 
Latitude, terrestrial, 20 , at sea, how 
found, 20G-9 
Leonids, 107 

Leverriei, discoveiy of Neptune, 102. 
Libiations of the moon, 158 
Light, abeiiation of, 144 , composition 
of, 220 , velocity of, 143 
Local tune, how found at sea, 209 
Longitude, celestial, 14 
Longitude, teirestnal, 20, found by 
chronometers, 210 , by lunar 
distances, 21 1 

Magnitudes of stiis, 214. 

Mais, 99 , satellites of, 100. 
MasKeljne, density of the eaith, 227. 
Mass, of the eaith, 227 , of theplaneis^ 
229 , of the miii, 229 
Mean time, 33, 184 

Meiciuy, 9C , seldom seen, 81 , liansita 
ot, 98 

Meridian, 10, 20 , altitude, 17, 43 , 
circle, 39 how dotei mined, 35-38 , 
also Note on Celestial Globe, 231, 
Meteors, connexion with comets, 107. 

showers ot, 106-7 
Metonic cycle, 155 

Micrometer, parallel wiie, 51 , screw, 
41, 51 

Milky Way, 210. 

Mira, a type of variable stais, 219 
Moon, G, distance, 150, carth-shme, 
156, haivest moon, 161, incli- 
nation of path to ecliptic, 149 , 
hbrations, 158 , lunai mountains, 
165 , mean angular velocity, 150 , 
periodic time found, 153, ph.ises, 
151 , physical state, 167 , letar- 
dation, 160 , revolution of nodes> 
163 , synodic period found, 153. 
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Nadir, 10 , to point telescope at, 12 
Nebuloe, 216 , spectra of, 225 
Neptune, discoveiy of, 102 , exception 
to Bode’s law, 92 

Newton, law oiunivei sal gravitation, 90 ] 

Nodes, moon’s, 103, 180 , a planet’s, 80 
Nutation, 141 , cause of, 142 , penod 
of, 142. 

Obliquity of ecliptic, 11 , hon found, 
137 

Occultation of Jupitei’s satellites, 101 , 
of a stai by moon, 168, 213. 
Opposition, 79j 152 

Paialla\, annual, 126 , Jiipitei’s, 131 , 
star’s, 129. 

diurnal, 114, law of, 117, 

moon’s, 119, sun’s, 121 3 
Pendulum experiment to prove earth’s 
rotation, 28-31 
Penumbra, 170 
Perihelion, 107 

Periodic time, 87, 152 , how found 
for moor, 153 , lor planets, 87 
Perseids, 107 

Phases of mferioi planets, 83 , of the 
moon, 151 , of superior-planets, 84 
Phenomena due to change of place “n 
eaith, 23-5 

Phobos, extraordinary period of i evo- 
lution lound Mais, 100 
Photospheie, 223. 

Planets, 7 , brightness of, 85 , dia - | 
meteis, 124 , direi t and reti ograde i 
motions, 92 , distinguished fioiii I 
comets, 104 , inferior and supe- 
nor, 79 inlerioi and exteiior, 79 , 
masses ot, 229 , nodes, 80 ^ 
periodic time detei mined, 87 
phases ot, 83 , lotations of, 95 , 
stationaiy points, 92 , t»ynodi, 
time, 87 

Pleiades, the, 216 

Pole, celestial, 4 , altitude of, 21 , 
movement ot (precession), 138 
Pole, terrestrial, 20 , phenomena of 
day and night at, 24 
Precession of the equinoxes, 138 , 
causes of piecession, 139. 


Proper motions of tHe stars, 217. 
Ptolemaic system, 7. 

Radiant point for meteoiic showers, 
106 

Refraction, atmospheric, 53 , coeffi- 
cient of, 58 , effect on sun’s disc, 
60 , law of, 56 

Right ascension, 14, 45, of a Aquilae 
deteimined by Flamsteed, 134 
Rotation of the eaith, 25 , of the moon, 
157 , of the planets, 95 , of the 
sun, 71 

Saios ot the (’haldeaus, 182 
Satellit(‘s, Mars’, 100 , Jupiter’s, 101 , 
tSatuin’s, 102, Neptune’s, 103 
Saturn, 101 , rings of, 102 
Schiapaielli, rotation of the inferior 
planets, 95 

Sciew, miciom(‘toi , 41, 51. 

Seasons, explanation of, 66 
Sextant, Hadley’s, 202 
Sidereal da} , 33 , time, 34, 192 ; 
}eai, 197 

Signs ot the Zodiac, 12 
Solar system, 8, 78 
Solstices, 16 

Spectroscope, construction of, 220 
.■?pectium anal} SIS, 221, applied to 
the moon and planets, 224 , to 
nebulae, 225 , to the fixed stars, 
224 , to the sun, 221. 

Sphere dchned, 1 , celestial, 3 , oblique, 
paiallel, and light, 23-5 
Stars, bin.ii}, 2!8 ; ciicumpidar, 4, 
diuinal motion ot, 3 , double, 
218 , magnitudes, 214 , numbei 
visible to naked e}e, 215 , paral- 
laJ and distance of, 129 , proper 
motions ot, 217 spectra of, 224. 
Stai clusteis, 216 
Stationaiy points of planets, 92 
Sun, atmosphere of, 223 , diameter of, 
62 , rlistance of, 62, 117 , eclipses 
of, 173, heat fmm, 68, mass of, 
229 , motion through space, 218 , 
paiallax determined, 121, 123, 
rotation of, 71 , spectrum of, 221 ; 
spots on suiface of, 71 
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Synodic period, 87, 162 , found foi 
moon, 163. 

Tune, apparent, 184 , mean, 33, 184, 
sidereal, 33 , conveision of, 
192-5 I 

Transit inatiument, 34, adjustment j 
of, to meridian, 36 , method of 
using, 38. 

Transit circle, see Meridian circle. 

Transits, of Mercury, 98 , of Venus, 
97 , of satelhtes of Jupiter, 101 

Tropics, 16, 20. 

Twilight, 72 , duration of '75 , last- 
ing all night, 76. 


Uranus, 102. 

Velocity, of the earth, 143 , of light, 
143 , of the planets, latios of, 
96 

Venus, greatest bnlhanc y, 85 , morn- 
ing 01 evening stai, 81 , phases 
of, 83 , rotation of, 95 , tiansits 
of, 97. 

Vertical, circles, 10 , prime, 10. 

Year, tropical, sidereal, and cml, 
197 

Zenith, 10 , distance, 13 

Zodiac, the, 12 ; signs of, 12. 


iHE END. 











